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The o r ig in s  and c h a r a c t e r i s t i c  p a ra m e te rs  o f  le v e ls  o c c u r r in g  deep i n  th e  
band gap o f  s e m ic o n d u c to rs  have  been sum m arised . The e f f e c t  o f  th e s e  le v e ls  
on c a p a c ita n c e  and c a r r i e r  c o n c e n t r a t io n  m easurem ents o f  m e ta l-s e m ic o n d u c to r  
d io d e s  has been o u t l in e d .  I n  p a r t i c u l a r  th e  te c h n iq u e  o f  Deep L e v e l T r a n s ie n t  
S p e c tro s c o p y , w h ic h  i s  based  on th e s e  e f f e c t s ,  has been e x p la in e d  and s e v e r a l  
d e v e lo p m e n ts  w h ic h  e x te n d  th e  scope o f  th e  b a s ic  te c h n iq u e  have  been 
d e s c r ib e d .  A c o m p a ris o n  w i t h  o th e r  te c h n iq u e s  f o r  th e  in v e s t i g a t i o n  o f  deep 
le v e ls  has been made and th e  e x p e r im e n ta l im p le m e n ta t io n  o f  DLTS r e la t e d .
I t s  a p p l i c a t io n  to  s e v e r a l  c la s s e s  o f  deep le v e ls  i n  GaAs m a te r ia ls  and 
d e v ic e s  and th e  e x p e r im e n ta l r e s u l t s  o b ta in e d  have  been r e p o r te d  and d is c u s s e d .
The e f f e c t s  o f  l i g h t  io n  damage as t y p i f i e d  by p ro to n  bom bardm ent have  been 
in v e s t ig a te d  in  d e t a i l  and th e  s i m i l a r i t i e s  to  b o th  e le c t r o n  and h e a v ie r  
d o p a n t io n  damage h ig h l ig h t e d .  The i s o l a t i o n  o f  IMPATT d io d e s  on a s in g le  
c h ip  by means o f  bom bardm ent w i t h  h ig h  doses o f  p ro to n s  has been i n v e s t i ­
g a te d  and fo u n d  n o t  to  cause  d e g ra d a t io n  o f  th e s e  d e v ic e s .
Deep le v e ls  c h a r a c t e r i s t i c a l l y  fo u n d  i n  th e  v e ry  t h i n  n ty p e  la y e rs  o f  FET 
s t r u c t u r e s  grow n on s e m i- in s u la t in g  s u b s t r a te s 'h a v e  a ls o  been e xam in e d . The 
p ro b le m s  caused by o u t d i f f u s io n  o f  ch rom ium  fro m  th e  s u b s t r a te s  and i t s  
i n s e n s i t i v i t y  to  d e te c t io n  by DLTS have  been e x p la in e d .  P ro b lem s  r e la t e d  
to  io n  im p la n ta t io n  o f  GaAs f o r  FET f a b r i c a t i o n  and s u b s e q u e n t th e rm a l 
a n n e a lin g  o f  th e  damage a f t e r  e n c a p s u la t io n  in  s i l i c o n  n i t r i d e  to  p re v e n t  
s u r fa c e  d e c o m p o s it io n  have  been in v e s t ig a t e d .  The new er te c h n iq u e  o f  e le c t r o n  
beam a n n e a lin g  w h ic h  e l im in a te s  th e  need f o r  s i l i c o n  n i t r i d e  d e p o s i t io n  has 
a ls o  been in v e s t ig a te d
SUMMARY
F in a l l y  DLTS has been used  to  s e a rc h  f o r  p o s s ib le  r e c o m b in a t io n  c e n tre s  
a s s o c ia te d  w i t h  th e  d e g ra d a t io n  o f  l i g h t  o u tp u t  i n  GaAlAs d o u b le  
h e te r o s t r u c t u r e  s t r i p e  g e o m e try  la s e r s .  T ra p p in g  le v e ls ,  in c lu d in g  th e  
d o n o r r e la t e d  DX c e n t r e  w ere  o b s e rv e d  and i d e n t i f i e d  b u t  w ere  n o t  seen  to  
in c re a s e  i n  c o n c e n t r a t io n  d u r in g  a c c e le r a te d  l i f e t e s t i n g  o f  th e  la s e r s .  
P o s s ib le  re a s o n s  f o r  th e  la c k  o f  d e te c t io n  o f  d e g ra d a t io n  r e la t e d  
r e c o m b in a t io n  c e n tre s  have  been d is c u s s e d .  In  c o n c lu s io n  th e  u s e fu ln e s s  
o f  DLTS as an assessm en t te c h n iq u e  has been a n a ly s e d .
/  *-
I  w o u ld  l i k e  to  e x p re s s  my g r a t i t u d e  to  my s u p e rv is o r  a t  th e  P o s t O f f ic e  
R esearch  C e n tre  (PORC), Mr P J  O 'S u l l i v a n ,  f o r  h is  c o n t in u a l  a d v ic e  and 
e ncou ragem en t th ro u g h o u t th e  p r o je c t .  I  a ls o  w is h  to  th a n k  th e  f o l lo w in g  
p e o p le  who have  s u p p lie d  sa m p le s , f a c i l i t i e s ,  and in v a lu a b le  h e lp .
M r P A L e ig h  (PORC) d e p o s ite d  s i l i c o n  n i t r i d e  on th e  p ro to n  bom barded sam p les 
f o r  h ig h  te m p e ra tu re  a n n e a lin g  and a ls o  s u p p lie d  th e r m a l ly  a n n e a le d  and io n  
im p la n te d  sam p les f o r  th e  FET in v e s t i g a t i o n .  Mr N M c In ty re  and M r K C ooper 
(PORC) fa b r ic a t e d  th e  FETs and IMPATT d io d e s  r e s p e c t i v e ly .  D r P Ja y  (P le s s e y )  
s u p p lie d  some o f  th e  FETs and ch rom ium  doped sa m p le s . O th e r  ch rom ium  doped 
spec im ens w ere  p ro v id e d  b y  D r R H Moss (PORC). Mr J  C H enderson  (PORC) 
s u p p lie d  th e  e le c t r o n  beam a n n e a le d  sam p les  and D r S T D R i t c h ie  (PORC) 
c a r r ie d  o u t th e  l i f e t e s t i n g  o f  th e  STL LASER d io d e s .  Mr A P S ke a ts  (PORC) 
p e r fo rm e d  th e  s c a n n in g  e le c t r o n  m ic ro s c o p y  and Mr J  M ynard  and th e  s t a f f  o f  
th e  a c c e le r a to r  la b o r a to r y  a t  th e  U n iv e r s i t y  o f  S u rre y  p ro v id e d  a s s is ta n c e  
in  c a r r y in g  o u t p ro to n  bom bardm ent o f  sa m p le s .
I  s h o u ld  a ls o  l i k e  to  th a n k  D r P L F Hemment and D r B J S e a ly  o f  th e  
U n iv e r s i t y  o f  S u rre y  f o r  u s e fu l  and s t im u la t in g  d is c u s s io n s  and my 
u n i v e r s i t y  s u p e rv is o r  P ro fe s s o r  K G S tephens f o r  h is  enco u rag em e n t and 
c r i t i c a l  r e a d in g  o f  t h i s  m a n u s c r ip t .  I  am a ls o  in d e b te d  to  th e  d i r e c t o r  o f  
re s e a rc h  o f  th e  B r i t i s h  P o s t O f f ic e  f o r  a l lo w in g  me to  ta k e  p a r t  i n  th e  
c o l la b o r a t iv e  PhD scheme and f o r  p e rm is s io n  to  make use o f  th e  in f o r m a t io n  
c o n ta in e d  i n  t h s  t h e s is .  F i n a l l y  I  m ust th a n k  my w i f e ,  L is a ,  w i t h o u t  whose 
s u p p o r t  and fo rb e a ra n c e  t h is  t h e s is  w o u ld  n o t  h ave  been w r i t t e n .
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1The d e ve lo p m e n t o f  s e m ic o n d u c to r  d e v ic e s  s in c e  th e  f a b r i c a t i o n  o f  th e
f i r s t  germ anium  t r a n s i s t o r  i n  1948 has le d  to  th e  in v e s t i g a t i o n  o f  im p ro v e d
s e m ic o n d u c tin g  m a t e r ia l s . S i l i c o n  i s  now th e  p re -e m in e n t d e v ic e  m a te r ia l
b u t  th e  need f o r  o p t i c a l  and h ig h e r  fre q u e n c y  d e v ic e s  has g iv e n  r i s e  to
in t e r e s t  i n  compound s e m ic o n d u c to rs .  I n  p a r t i c u l a r ,  s e m ic o n d u c to rs  c o m p ris e d
o f  e le m e n ts  fro m  g roups I I I  and V o f  th e  p e r io d ic  t a b le  ( I I I - V  com pounds) have
shown g r e a t  p ro m is e . O f these , g a l l iu m  a rs e n id e  (GaAs) has r e c e iv e d  m ost
a t t e n t io n  a lth o u g h  i t s  d e v e lo p m e n t has been  h in d e re d  b y  d i f f i c u l t i e s  i n  th e
p r e p a r a t io n  o f  th e  m a t e r ia l .  I t s  a d va n ta g e s  i n  th e  m ic ro w a ve  and o p t i c a l  d e v ic e
f i e l d s ,  due to  i t s  p r o p e r t ie s  such  as a h ig h  i n t r i n s i c  e le c t r o n  m o b i l i t y  
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(85 00  cm /V s e c )  and la r g e  d i r e c t  band gap (1 .4 3  eV), a re  so s i g n i f i c a n t  
h ow eve r t h a t  much e f f o r t  has gone i n t o  im p ro v in g  th e  q u a l i t y  o f  th e  
m a t e r ia l .
Among th e  e a r l i e s t  d e v ic e s  to  be f a b r ic a te d  u s in g  GaAs w e re  tu n n e l d io d e s  
w i t h  s u p e r io r  s w i tc h in g  tim e s  to  germ anium  and s i l i c o n  d e v ic e s .
U n f o r tu n a te ly  th e s e  d e v ic e s  showed s e v e re  d e g ra d a t io n  o f  t h e i r  p r o p e r t ie s  
a f t e r  s e v e ra l h o u rs  o f  o p e ra t io n  and f e l l  fro m  fa v o u r .
A s im i l a r  p ro b le m  was th e  r e d u c t io n  o f  l i g h t  o u tp u t  d u r in g  o p e ra t io n  o f
e a r ly  GaAs l i g h t  e m i t t in g  d io d e s  (L E D ) . T he re  w ere  no s i l i c o n  a l t e r n a t i v e s
to  th e s e  d e v ic e s  and so c o n t in u e d  e f f o r t s  w ere  made to  im p ro v e  b o th
m a te r ia l  and d e v ic e  q u a l i t y .  T h is  has le d  to  c o m m e rc ia lly  a c c e p ta b le  
5
l i f e t im e s  ( >  10 h o u rs )  w i t h o u t  s i g n i f i c a n t  d e g ra d a t io n  i n  l i g h t  o u tp u t .
L a s e rs  have  fo l lo w e d  as a n a t u r a l  p ro g r e s s io n  fro m  LEDs b u t  have  been 
s lo w e r  to  d e v e lo p  because  o f  th e  m ore com p lex  s t r u c t u r e s  needed f o r  
c o n t in u o u s  o p e r a t io n  a t  h ig h  pow er o u tp u ts .  The d o u b le  h e t e r o ju n c t io n  
A l^G a ^_ x  As s t r u c t u r e  i s  th e  m os t advanced  ty p e  o f  d e v ic e  b u t  l i f e t im e s  
a re  s t i l l  b e lo w  th o s e  o f  LEDs. R ecen t d e ve lo p m e n ts  in  lo n g  w a v e le n g th  
o p t i c a l  c o m m u n ic a tio n s  sys tem s have  g iv e n  r i s e  to  i n t e r e s t  i n  h e te r o s t r u c t u r e s  
in v o lv in g  q u a te rn a ry  compounds o f  th e  ty p e  GalnAsP o r  G aA lAsSb. These
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d e v ic e s  n a t u r a l l y  p re s e n t  g r e a te r  f a b r i c a t i o n  p ro b le m s  because  o f  th e  m ore 
com p lex  m a te r ia ls  in v o lv e d .
In  th e  m ic ro w a ve  f i e l d  th e  h ig h  c o s t  and m a te r ia ls  p ro b le m s  a re  o u tw e ig h e d  
b y  th e  a d va n ta g e s  i n  s e v e r a l  a re a s . Gunn d io d e  o p e ra t io n  r e l i e s  on th e  
d o u b le  v a l l e y  c o n d u c t io n  band s t r u c t u r e  o f  GaAs w h ic h  does n o t  o c c u r  in  
s i l i c o n .  Im p a c t a v a la n c h e  t r a n s i t  t im e  (IMPATT) d io d e s  a re  a ls o  fa b r ic a t e d  
fro m  GaAs because  o f  th e  h ig h e r  e f f i c i e n c ie s  t h a t  a re  p o s s ib le .  B ip o la r  
t r a n s i s t o r  o p e r a t io n  u s in g  GaAs has n o t  been fa v o u re d  due to  th e  s h o r te r  
c a r r i e r  l i f e t im e s  com pared w i t h  s i l i c o n .  T h is  w o u ld  n e c e s s it a te  th e  use o f  
v e r y  n a rro w  base  r e g io n s .  F ie ld  e f f e c t  t r a n s is t o r s  f o r  h ig h  fre q u e n c y  
o p e r a t io n  h a v e , h o w e v e r, u nd e rg o n e  c o n s id e ra b le  d e v e lo p m e n t. T h is  i s  p a r t l y  
due to  th e  f a c t  t h a t  GaAs can  be g row n i n  a s e m i- in s u la t in g  fo rm  th u s  
a v o id in g  th e  d i f f i c u l t i e s  i n  s i l i c o n  te c h n o lo g y  o f  pn ju n c t io n  i s o l a t i o n  
o r  g ro w th  o n to  s e m i- in s u la t in g  s a p p h ire  s u b s t r a te s .  The s e m i- in s u la t in g  
GaAs s u b s t r a te s  a re  p ro d u c e d  by  d e l i b e r a t e ly  a d d in g  im p u r i t ie s  such  as 
ch rom ium  d u r in g  g ro w th . These fo rm  deep le v e ls  i n  th e  s e m ic o n d u c to r  band 
gap w h ic h  a c t  as t r a p p in g  c e n tre s  f o r  th e  f r e e  c a r r i e r s  i n  th e  c o n d u c t io n  
and v a le n c e  b a n d s . The c a r r i e r  c o n c e n t r a t io n  can  be reduced  to  a p o in t  
w here  th e  GaAs becomes s e m i - in s u la t in g .  T h is  p ro c e s s  i s  n o t  w i th o u t  
d is a d v a n ta g e s , h o w e v e r, s in c e  th e s e  d e fe c ts  may d i f f u s e  i n t o  th e  a c t iv e  
d e v ic e  r e g io n  and a re  th o u g h t  to  be r e s p o n s ib le  f o r  th e  p o o r
r f  p e rfo rm a n c e  o f  some d e v ic e s 'T h e s e " p r o b le m s  may be re d u ce d  b u t n o t  e n t i r e l y  
e l im in a te d  by in c o r p o r a t in g  a lo w  doped b u f f e r  r e g io n  be tw een  th e  s u b s t r a te
and th e  a c t iv e  la y e r .
A d e v e lo p m e n t o f  th e  b a s ic  FET te c h n o lo g y  is  th e  p ro d u c t io n  o f  h ig h  speed 
lo g i c  c i r c u i t s  w h ic h  s h o u ld  h ave  a much lo w e r  s p e e d -p o w e r p ro d u c t  th a n  
p re s e n t  day l o g i c .  E p i t a x i a l  g ro w th  te c h n iq u e s  c a n n o t p ro d u ce  an a d e q u a te
u n fo r m it y  o f  p in c h - o f f  v o l t a g e  a c ro s s  a s l i c e  to  a l lo w  la r g e  s c a le  
in t e g r a t i o n  o f  th e s e  d e v ic e s  to  be a c h ie v e d  a t  th e  p re s e n t  t im e .  I t  i s  hoped 
th a t  d o p a n t io n  im p la n ta t io n  i n t o  s e m i - in s u la t in g  la y e r s  w i l l  p ro d u ce  th e  
r e q u ir e d  u n i f o r m i t y  o f  th ic k n e s s  o f  a c t iv e  la y e r  to  a l lo w  some in t e g r a t i o n  o f  
com ponen ts . I o n - im p la n t a t io n  in t r o d u c e s  new p ro b le m s  s in c e  th e  i n t e r a c t i o n  o f  
e n e r g e t ic  io n s  w i t h  th e  l a t t i c e  causes d is p la c e m e n t damage w h ic h  m ust be 
a n n e a le d  o u t a t  h ig h  te m p e ra tu re s .  T h is  i s  d i f f i c u l t  to  a c h ie v e  w i t h o u t  
c a u s in g  d is s o c ia t io n  o f  th e  GaAs s u r fa c e .  Thus e n c a p s u la t io n  o f  th e  GaAs w i th  
S i^N ^  f i lm s  may be n e c e s s a ry  f o r  a n n e a lin g  i n  a fu rn a c e  a lth o u g h  new er m ethods 
in v o lv in g  la s e r  and e le c t r o n  beam h e a t in g  w h ic h  do n o t  r e q u i r e  e n c a p s u la t io n  
a re  g a in in g  fa v o u r .
I n t e n t i o n a l  r a d ia t i o n  damage by  l i g h t  io n s  such as p ro to n s  i s  used to  p ro d u c e  
s e m i- in s u la t in g  la y e r s  i n  GaAs. These la y e r s  a re  used  to  d e f in e  th e  la s in g  
r e g io n  i n  s t r i p e  g e o m e try  la s e r s  and to  a c h ie v e  p la n a r  i s o l a t i o n  o f  IMPATT 
d io d e s  on a s in g le  c h ip .  The te c h n iq u e  in t ro d u c e s  d e fe c ts  i n t o  th e  l a t t i c e  
w h ic h  fo rm  deep le v e ls  i n  th e  b a n d -g a p  i n  a s im i l a r  way to  ch rom ium  d o p in g . 
D i f f u s io n  o f  th e s e  d e fe c ts  i n t o  th e  a c t iv e  d e v ic e  a re a s  i s  a p o s s ib le  cause o f  
d e g ra d a t io n  d u r in g  o p e r a t io n .
D e fe c ts ,  w h e th e r  th e y  a re  p re s e n t  due to  d i f f i c u l t i e s  i n  c o n t r o l l i n g  th e  
s to ic h io m e t r y  o r  im p u r i t y  c o n te n t  o f  a s e m ic o n d u c to r  d u r in g  g ro w th  o r  a re  
s u b s e q u e n t ly  in t r o d u c e d  by io n  im p la n ta t io n  and a n n e a lin g ,  can cause p ro b le m s  
in  d e v ic e  o p e r a t io n  and d e g ra d a t io n .  F o r  e xa m p le , im p rove m e n ts  i n  g ro w th  
m ethods have  le d  to  a r e d u c t io n  i n  th e  num bers o f  d e fe c ts  a c t in g  as n o n - 
r a d ia t i v e  re c o m b in a t io n  c e n tre s  i n  LEDs and c o n s e q u e n t in c re a s e s  i n  d e v ic e  
l i f e t im e  have  been a c h ie v e d . Io n  Im p la n ta t io n ,  h o w e v e r, can  in t r o d u c e  la r g e  
num bers o f  d e fe c ts  i n t o  t h i s  im p ro v e d  m a t e r ia l .  I t  i s  th u s  d e s i r a b le  to  be 
a b le  to  d e te c t  and c h a r a c te r is e  th e  deep le v e ls  a s s o c ia te d  w i t h  d e fe c ts  so t h a t  
t h e i r  o r i g i n  can be t r a c e d  and t h e i r  p re s e n c e  o r  absence c o r r e la te d
4w i t h  d e v ic e  p e r fo rm a n c e . I t  i s  f o r  th e s e  re a so n s  t h a t  th e  p re s e n t 
in v e s t ig a t io n s  have  been  c a r r ie d  o u t .  In fo r m a t io n  c o n c e rn in g  s h a l lo w  d o p in g  
le v e ls  i s  e a s i l y  a c c e s s ib le  fro m  a u to m a te d  c a r r i e r  c o n c e n t r a t io n  and H a l l  
e f f e c t  te c h n iq u e s  b u t  u n t i l  th e  a d v e n t o f  Deep L e v e l T ra n s ie n t  S p e c tro s c o p y  
(DLTS) such in f o r m a t io n  was n o t  e a s i l y  o b ta in e d  f o r  d e e p e r l e v e l s .  The 
te c h n iq u e  o f  DLTS has been  u t i l i s e d  to  in v e s t ig a te  deep le v e ls  p ro d u c e d  by  
i r r a d i a t i o n  o f  GaAs and to  exam ine  deep le v e ls  p re s e n t  i n  s p e c i f i c  d e v ic e  
s t r u c t u r e s .
I n  th e  f o l lo w in g  s e c t io n s  th e  c h a r a c t e r i s t i c  p a ra m e te rs  o f  deep le v e ls  and 
t h e i r  e f f e c t s  on th e  c a p a c ita n c e  o f  s e m ic o n d u c to r  d io d e s  a re  o u t l i n e d .  The 
th e o ry  o f  DLTS w h ic h  i s  based  on th e  m easurem ent o f  t r a n s ie n t  c a p a c ita n c e ,  
caused  by t r a p p in g  e f f e c t s  i s  e x p la in e d ,  and s e v e ra l m o d i f ic a t io n s  w h ic h  
e x te n d  th e  u s e fu ln e s s  o f  th e  b a s ic - te c h n iq u e  a re  d e s c r ib e d .
A c o m p a ris o n  w i t h  o th e r  te c h n iq u e s  f o r  in v e s t ig a t in g  deep le v e ls  i s  fo l lo w e d  
by a d e s c r ip t io n  o f  th e  e x p e r im e n ta l im p le m e n ta t io n  o f  DLTS. F i n a l l y  th e  
r e s u l t s  o b ta in e d  fro m  i t s  use  i n  in v e s t ig a t in g  deep l e v e l s ,  a r i s i n g  fro m  
s e v e r a l  d i f f e r e n t  o r ig in s ,  a re  p re s e n te d  and d is c u s s e d .
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5CHARACTERISATION OF DEEP LEVEL STATES
2 .1  Deep L e v e ls
2 .1 .1  I n t r o d u c t io n
A c h a r a c t e r i s t i c  o f  s e m ic o n d u c to rs  i s  th e  p re s e n c e  o f  a fo rb id d e n  
e n e rg y  gap s e p a ra t in g  th e  c o n d u c t io n  and v a le n c e  b a n d s . I n t r i n s i c  
s e m ic o n d u c to rs  r e l y  on e x c i t a t i o n  o f  c a r r i e r s  a c ro s s  t h i s  gap f o r  
t h e i r  c o n d u c t io n  p r o p e r t ie s  w h i l s t  e x t r i n s i c  s e m ic o n d u c to rs  have  
im p u r i t y  atom s s u b s t i t u t e d  on l a t t i c e  s i t e s  to  p ro v id e  th e  m a jo r i t y  
o f  th e  c a r r i e r s .  Such im p u r i t ie s  cause a p e r t u r b a t io n  o f  th e  
in t e r a to m ic  p o t e n t ia l  g iv in g  r i s e  to  a d is c r e t e  le v e l  i n  th e  band 
gap . The im p u r i t i e s  a re  u s u a l ly  chosen  fro m  a d ja c e n t  g ro u p s  i n  
th e  p e r io d ic  t a b le  so t h a t  th e  p e r t u r b a t io n  i s  m in im a l.  C o n s e q u e n tly  
th e  e n e rg y  le v e ls  p ro d u c e d  a re  v e ry  c lo s e  to  th e  band edges and 
v e ry  l i t t l e  th e rm a l e n e rg y  i s  needed to  e x c i t e  th e  e x t r a  c a r r i e r s  
th e y  p r o v id e ,  to  th e  r e le v a n t  b a n d . The g ro u n d  s ta te  e n e rg y  o f  
such  a le v e l  can  be e x p re s s e d  in  te rm s o f  a m o d if ie d  R ydberg  
s e r ie s
* 2 m e
En = -------- 1—2 E^   2 .1 .1
m e ne
w he re  m i s  th e  e f f e c t i v e  mass o f  th e  r e le v a n t  c a r r i e r ,  e i s  th e  
d i e l e c t r i c  c o n s ta n t  o f  th e  m edium , n is  an in t e g e r  and i s  th e  
f i r s t  i o n i z a t i o n  e n e rg y  o f  h y d ro g e n  (1 3 .6  e V ) . R e fin e m e n ts  o f  
t h i s  s im p le  m ode l [ l ]  have le d  to  good ag ree m e n t be tw een  
t h e o r e t i c a l  and e x p e r im e n ta l v a lu e s .
I m p u r i t ie s  w h ic h  a re  n o t  c a r e f u l l y  chosen  o r  a re  in t ro d u c e d  i n t o  th e  
m a te r ia l  a c c id e n t a l l y  c a n _ g iv e  r i s e  to  la r g e r  p e r tu r b a t io n s  o f  th e  
in t e r a to m ic  p o t e n t ia l s  and th e  a ppea rance  o f  le v e ls  a t  any p o in t  i n  th e
6band gap . T h is  c la s s  o f  im p u r i t ie s  in c lu d e s  n o t  o n ly  
s u b s t i t u t i o n a l  im p u r i t ie s  b u t  i n t e r s t i t i a l s ,  v a c a n c ie s ,  v a c a n c y -  
im p u r i t y  com p lexes and o th e r  ty p e s  o f  d e fe c t .  The e n e rg y  le v e ls  
a s s o c ia te d  w i t h  th e s e  im p u r i t ie s  c a n n o t be s u c c e s s fu l ly  p r e d ic te d  
by th e  h y d ro g e n  a tom  m ode l and have  n o t  p ro v e d  am enable  to  
t h e o r e t i c a l  a n a ly s is .  The la r g e  num ber o f  f a c t o r s  w h ic h  can 
a f f e c t  th e  p o s i t i o n  o f  such  a le v e l  i n  th e  b a n d -g a p  have p re v e n te d  
th e  d e v e lo p m e n t o f  a g e n e ra l fo rm a lis m  to  a p p ly  to  th e s e  s y s te m s . 
O n ly  r e c e n t ly  have  a tte m p ts  been  made to  p r e d ic t  th e  p o s i t io n s  
o f  s im p le  v a c a n c y  and v a c a n c y  com p lexes i n  I I I - V  compounds f o r  
exam ple  [ 2] .
The e l e c t r i c a l  p r o p e r t ie s  o f  deep im p u r i t y  le v e ls  a re  d e te rm in e d  
by t h e i r  p o s i t i o n  i n  th e  b a n d -g a p  and th e  e le c t r o n ic  t r a n s i t i o n  
p r o b a b i l i t i e s  b e tw e e n  th e  l e v e l  and th e  band e d g e s . I n  th e  
f o l lo w in g  s e c t io n s  th e  p a ra m e te rs  used  to  c h a r a c te r is e  th e  le v e ls  
a re  d is c u s s e d  and th e  ways i n  w h ic h  th e  p a ra m e te rs  can be m easured  
u s in g  c a p a c ita n c e  te c h n iq u e s  a re  e x p la in e d .
2 .1 .2  C h a r a c t e r is t i c  P a ra m e te rs  o f  Deep L e v e ls  
The o ccup an cy  o f  a deep l e v e l  can  be d e s c r ib e d  i n  te rm s  o f  h o le  
and e le c t r o n  c a p tu re  and e m is s io n  r a te s  ( f i g  2 . 1 . 1 ) .  C o n s id e r  
th e  r a te  o f  change o f  e le c t r o n s  i n  th e  c o n d u c t io n  band  due to  
such  p ro c e s s e s .
w he re  c i s  th e  c a p tu re  r a t e  o f  e le c t r o n s ,  e i s  th e  e m is s io n  n r  n
r a t e ,  i s  th e  t r a p  c o n c e n t r a t io n  and f ^  i s  th e  p r o b a b i l i t y  o f  
a t r a p  b e in g  o c c u p ie d  by  an e le c t r o n  g iv e n  b y  th e  F e r m i- D ir a c  
d i s t r i b u t i o n
. . . 2. 1. 2
7F ig  2 *1 .1  C a r r ie r  C a p tu re  and  E m is s io n  P ro c e s s e s  a t  a  Deep L e v e l Et
c n  e le c t r o n  c a p tu re  r a t e
e le c t r o n  e m is s io n  r a t e
Cp h o le  c a p tu re  r a t e
e h o le  e m is s io n  r a t e  
P
8f T ~ /E  -E \    2 .1 .3
1 f  T\1 + g exp  -
kT
The c a p tu re  r a t e  c ^  may be  d e s c r ib e d  i n  te rm s  o f  th e  c a p tu re  
c ro s s  s e c t io n  o ^ , th e  mean th e rm a l v e lo c i t y  o f  th e  e le c t r o n s  
and th e  e le c t r o n  c o n c e n t r a t io n
c = n  a <  V >    2 .1 .4n n n
w he re  <  V >  =   2 .1 .5
me
A c o m p le m e n ta ry  e x p re s s io n  e x is t s  f o r  h o le  c a p tu re  and e m is s io n  
fro m  th e  v a le n c e  b a n d .
H  -  cp Bt £t  -  ep NT (1 -  f T )   2 . 1. 6
The p r i n c i p l e  o f  d e t a i le d  b a la n c e  s ta te s  t h a t  i n  e q u i l ib r iu m  
th e  c a r r i e r  c a p tu re  and e m is s io n  r a te s  f o r  a le v e l  m ust be 
e q u a l.  I n  th e  case o f  e le c t r o n s
c N (1  -  f  ) = e N f    2 .1 .7
n T T n T T
T h is  can be  s o lv e d  f o r  e ^  by  s u b s t i t u t i n g  eqn 2 .1 . 4  and
n  « Nc exp -  ~  )   2 . 1. 8
2irm *kT^3//2
w here  N = 2  1    J   2 .1 .9
c 1 h 2
so t h a t
a < V > N  /  E - e
n n  c c T .
 i   exp - \ - i z r l   2 -l a o
An a n a lo g o u s  e x p re s s io n  a ls o  e x is t s  f o r  h o le  e m is s io n
E q u a tio n s  2 .1 .1 0  and 2 .1 .1 1  a re  th e  b a s ic  r a te  e q u a t io n s  used  in  
a c t i v a t i o n  e n e rg y  d e te r m in a t io n  o f  deep le v e ls  and w i l l  a p p e a r 
f r e q u e n t ly  i n  th e  f o l lo w in g  s e c t io n s .
I n  a n o n - e q u i l ib r iu m  s i t u a t i o n  in  w h ic h  h o le - e le c t r o n  p a i r s  a re  
in je c t e d  o r  g e n e ra te d  a t  a c o n s ta n t  r a te  G and s te a d y - s ta te  
c o n d it io n s  have been  re a c h e d  th e n  a g a in  th e  r a t e  o f  change o f  
e le c t r o n s  i n  th e  c o n d u c t io n  band m ust be z e ro .
f 5 l = - G  + a < V  >  n  N ( l - f  ) -  e N f  =0   2 .1 .1 2d t  J n n  T T n  t  T
F o r h o le s
-  G + a < V  >  p N f  -  e N ( l - f  ) = 0 ..............2 .1 .1 3
d t  I p p T T P T  T
E q u a t in g  eqns 2 .1 .1 2  and 2 .1 .1 3  and r e a r r a n g in g  g iv e s  th e  
e x p re s s io n  f o r  th e  n o n - e q u i l ib r iu m  occup an cy  o f  a l e v e l .
>  n +. e
f T ”  a '<£ V >  n  + e +~a p <  V Y  2 .1 .1 4
n n  n p p p
From th e s e  c o n s id e r a t io n s  o f  c a p tu re  and e m is s io n  p ro c e s s e s  i t  
i s  a p p a re n t t h a t  i t  can  be m is le a d in g  to  c a l l  a deep le v e l  an 
e le c t r o n  t r a p  o r  a r e c o m b in a t io n  c e n tre  f o r  e xa m p le . I t s  e x a c t 
f u n c t io n  depends on th e  p a r t i c u l a r  c ir c u m s ta n c e s .  A re c o m b in a t io n  
c e n tre  can be d e f in e d  as a le v e l  whose c a p tu re  c r o s s - s e c t io n s  f o r  
h o le s  and e le c t r o n  a re  c o m p a ra b le  b u t  i f  th e re  a re  no h o le s  i n  th e  
v a le n c e  band to  be c a p tu re d  i t  can o n ly  a c t  as an e le c t r o n  t r a p .
O b s e rv a t io n s  o f  deep le v e ls  o f t e n  ta k e  p la c e  i n  th e  d e p le t io n  
la y e r  o f  a s e m ic o n d u c to r  p -n  o r  S c h o t tk y  ju n c t io n .  In  t h i s  case 
i t  i s  m ore c o n v e n ie n t to  d e f in e  th e  ty p e  o f  l e v e l  i n  te rm s  o f
e m is s io n  r a te s  s in c e  th e  c a p tu re  r a te s  a re  z e ro .  An e le c t r o n  
t r a p  i s  d e f in e d  as one in  w h ic h  th e  e le c t r o n  e m is s io n  r a t e  i s  
g r e a te r  th a n  th e  h o le  e m is s io n  r a t e .  A g e n e ra t io n  c e n t r e  i s  a 
l e v e l  w i t h  c o m p a ra b le  h o le  and e le c t r o n  e m is s io n  r a te s  so t h a t  
h o le s  and e le c t r o n s  a re  th e r m a l ly  e m it te d  a l t e r n a t e l y .  I t  w i l l  
be seen l a t e r  t h a t  e x p e r im e n ta l  s tu d ie s  p la c e  t r a p s  i n  tw o 
c o n v e n ie n t  c la s s e s  -  m a jo r i t y  and m in o r i t y  c a r r i e r  t r a p s .  A 
m a jo r i t y  c a r r i e r  t r a p  i s  an e le c t r o n  t r a p  (e ^  >  e ) i n  n - ty p e  
m a t e r ia l  o r  a h o le  t r a p  ( e ^  >  e ^ )  in  p - ty p e  m a t e r ia l .  A m in o r i t y  
c a r r i e r  t r a p  i s  an e le c t r o n  t r a p  in  p - ty p e  m a te r ia l  o r  a h o le  
t r a p  i n  n - ty p e  m a t e r ia l .
A deep l e v e l  i s  th u s  c h a r a c te r is e d  by i t s  d e p th  i n  th e  band gap 
and i t s  t r a n s i t i o n  p r o b a b i l i t i e s .  The case o f  th e rm a l 
t r a n s i t i o n s  has been  c o n s id e re d .  T r a n s i t io n s  in d u c e d  by  o p t i c a l  
s t im u la t io n  a re  a ls o  im p o r ta n t  i n  c e r t a in  c irc u m s ta n c e s  and a re  
o u t l in e d  i n  c o n n e c t io n  w i t h  o p t i c a l  DLTS in  s e c t io n  2 .4 . 3 .
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2 .2  C a p a c ita n c e  M easurem ents on S e m ic o n d u c to r D iod es
2 .2 .1  I n t r o d u c t io n
I n  th e  f o l lo w in g  s e c t io n s  th e  c a p a c ita n c e  a s s o c ia te d  w i t h  a 
m e ta l-s e m ic o n d u c to r  S c h o t tk y  d io d e  and i t s  u s e fu ln e s s  in  
d e te rm in in g  th e  s h a l lo w  d o p in g  le v e l  c o n c e n t r a t io n  i n  th e  
s e m ic o n d u c to r  i s  d is c u s s e d .  The e f f e c t s  o f  deep le v e ls  on th e  
m easured c a p a c ita n c e  and d o p in g  p r o f i l e  a re  o u t l in e d  and m ethods 
f o r  d e te rm in in g  th e  t r a p  p a ra m e te rs  fro m  th e s e  e f f e c t s  a re  
d e t a i le d .
I n  m ost cases th e  exam ple  o f  an n - ty p e  s e m ic o n d u c to r  w i t h  e le c t r o n  
t r a p p in g  le v e ls  w i l l  be used  to  i l l u s t r a t e  th e  th e o r y .  The 
r e s u l t s  a re  e q u a l ly  v a l i d  f o r  p ty p e  m a te r ia l  and h o le  t r a p s  w i th  
a p p r o p r ia te  changes i n  n o t a t io n .  a  p -n  ju n c t io n  may be t r e a te d  in  
a s im i l a r  m anner e s p e c ia l ly  when one s id e  i s  m ore h e a v i ly  doped 
th a n  th e  o th e r  so t h a t  th e  d e p le t io n  r e g io n  i s  p re d o m in a n t ly  on 
one s id e  o f  th e  j u n c t io n .  D i f fe r e n c e s  w h ic h  a r is e  due to  m in o r i t y  
c a r r i e r  e f f e c t s  w i l l  be c o v e re d  when a p p r o p r ia te .
2 .2 .2  The C a p a c ita n c e  o f  a S c h o t tk y  D iode
A S c h o t tk y  d io d e  i s  a m e ta l-s e m ic o n d u c to r  r e c t i f y i n g  c o n ta c t .
I t  i s  fo rm e d  by d i f f e r e n c e s  i n  th e  w o r k " f u n c t io n  o f  th e  m e ta l 
and s e m ic o n d u c to r  g iv in g  r i s e  to  a p o t e n t ia l  b a r r i e r  to  c a r r i e r  
f lo w .  T h is  i s  i l l u s t r a t e d  f o r  th e  case o f  an n - ty p e  s e m ic o n d u c to r  
when th e  w o rk  f u n c t io n  o f  th e  m e ta l exceeds t h a t  o f  th e  s e m i­
c o n d u c to r  (0 >  0 ) ( f i g  2 . 2 . 1 ) .  I d e a l ly  th e  b u i l t  i n  v o lta g em s  B
i s  d e te rm in e d  by  th e  d i f f e r e n c e  in  w o rk  fu n c t io n s  b u t  i n  p r a c t ic e  
i t  i s  u s h a l ly  f i x e d  by  th e  p re s e n c e  o f  s u r fa c e  s ta te s  and i s  
in d e p e n d e n t o f  th e  m e ta l u se d . A n a rro w  i n t e r f a c i a l  l a y e r ,  o f  
o x id e  f o r  e x a m p le , u s u a l ly  p re v e n ts  p e r f e c t  c o n ta c t  b u t  t h i s  i s  
n o r m a l ly  t h i n  enough to  a l lo w  t u n n e l l i n g  th ro u g h  i t  to  o c c u r
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F ig  2 .2
BL.
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E fs
( a ) (b)
(c) (d)
.1 The F o rm a tio n  o f  a M e ta l-S e m ic o n d u c to r
D io d e :— ( a )  M e ta l and  S e m ic o n d u c to r  S e p a ra te d  
(t>) E l e c t r i c a l  c o n n e c t io n
( c )  S e p a ra te d  h y  a  n a r ro w  i n t e r f a c i a l  la y e r
( d )  P e r fe c t  C o n ta c t
1V8~VF
XR
(a) (b)
F ig  2 .2 .2  The  R e c t i f y in g  P r o p e r t ie s  o f  a  S c h o t tk y
B a r r i e r ,  ( a )  F o rw a rd  B ia s  ( h a r r i e r  h e ig h t  re d u c e d )
( h )  R e v e rs e  B ia s  ( h a r r i e r  h e ig h t  in c r e a s e d )
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e a s i l y  and th e r e  i s  n e g l i g ib le  v o l t  d ro p  a c ro s s  i t .  The 
r e c t i f y i n g  b e h a v io u r  o f  th e  c o n ta c t  i s  i l l u s t r a t e d  by th e  e f f e c t  
o f  th e  a p p l i c a t io n  o f  an e x te r n a l  b ia s  on th e  band s t r u c t u r e  
( f i g  2 . 2 . 2 ) .
The r e g io n  d e p le te d  o f  f r e e  c a r r ie r s  due to  th e  band b e n d in g  a t  
th e  m e ta l-s e m ic o n d u c to r  in t e r f a c e  and th e  dependence o f  th e  
w id th  o f  t h i s  r e g io n  on th e  a p p lie d  v o lta g e  ( f i g  2 . 2 . 2 ) g iv e s  
r i s e  to  a v o l t a g e  d e p e n d e n t c a p a c ita n c e .  The dependence o f  th e  
w id th  x ^  on th e  a p p l ie d  re v e rs e  b ia s  VR can  be d e r iv e d  b y  
c o n s id e r a t io n  o f  P o is s o n 's  e q u a t io n .
3 2V
ax2
 . 2 . 2. 1
U s in g  th e  a p p r o p r ia te  b o u n d a ry  c o n d it io n s  [ 6] t h i s  can be s o lv e d  
to  g iv e
XR =
kT
( VB *  VR -  T ) 2 e
qN  2 .2 . 2
A le s s  p r e c is e  a n a ly s is  u s in g  th e  a b ru p t  d e p le t io n  a p p ro x im a t io n
kTgives a similar result without the —  term.
q
From  G a u s s 's  th e o re m  th e  charge , due to  uncom pensated  d o n o rs  i s  g iv e n
by
Q = e E 
d s max  2 .2 .3
so th a t
=
9 V
 2 .2 .4
Kd a 2 q 2.2.5
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w here  A is  th e  a re a  o f  th e  ju n c t io n  and V_. i s  th e  b a r r i e rD
h e ig h t  v o l t a g e .  From  eqns 2 .2 .2  and 2 .2 .5  i t  i s  seen  t h a t
C = —    2 .2 .6
XR
The c a p a c ita n c e  o f  th e  d io d e  may be e x p re s s e d  as t h a t  o f  a
p a r a l l e l  p la t e  c a p a c i t o r  w i t h  p la t e  s e p a ra t io n  x„  ,K
2 .2 .3  S h a llo w  L e v e l C o n c e n tra t io n  P r o f i le s  From  C a p a c ita n c e - 
V o lra g e  C h a r a c t e r is t ic s
The d o n o r c o n c e n t r a t io n  and b u i l t  i n  v o l t a g e  f o r  a u n i f o r m ly  doped
s e m ic o n d u c to r  can be o b ta in e d  fro m  th e  s lo p e  and i n t e r c e p t  o f  a
p lo t  o f  ~  v e rs u s  Vn u s in g  eqn 2 .2 .5  ( f i g  2 . 2 . 3 ) .  A n o n -u n ifo rm
c R
d o n o r d i s t r i b u t i o n  w i l l  g iv e  r i s e  to  a n o n - l in e a r  p lo t  and so an 
a l t e r n a t i v e  m ethod  m us t be u s e d . A s im i l a r  e x p re s s io n  to  eqn
2 .2 .5  can be d e r iv e d  u s in g  G a u s s 's  th e o re m  i n  th e  fo rm
r e l a t i n g  th e  f i e l d  s t r e n g th  a t  a p o in t  x  to  th e  space ch a rg e  
d e n s it y  a t  t h a t  p o in t .  A re v e rs e  b ia s  in c re m e n t AV i s  a p p lie d  
to  change th e  d e p le t io n  w id th  a t  x  by  an amount Ax such t h a t  a 
c h a rg e  d e n s it y  AQ i s  u n c o v e re d  a t  th e  edge o f  th e  d e p le t io n  
r e g io n  ( f i g  2 . 2 . 4 ) .  I n  t h i s  case G a u ss 's  th e o re m  can be w r i t t e n
1
d iv .  E = — pcr r£ . . . 2 .2 .7
AE = —  = & N , ( x )  Axx  e a   2 .2 . 8
T h is  can be re a r ra n g e d  and x  and Ax s u b s t i t u t e d  u s in g  eqn 2 .2 .6
to  g iv e
. . . 2 .2 .9
F ig  2 ,
F ig  2 .
Fig 2.
15
1
.3  A P lo t  o f  ~ 2  a g a in s t  VR fro m  w h ic h  th e  C a r r ie r  C o n c e n tra t io n  
(N d ) and  B u i l t - i n  V o lta g e  (V ^ )  can  be d e te rm in e d  i n  th e  case 
o f  u n i fo r m  d o p in g
•4 The E l e c t r i c  F i e l d  v a r i a t i o n  ca use d  by a  s m a ll  change
i n  th e  d e p le t io n  r e g io n  i n  th e  case o f  a  n o n -u n ifo rm  
d o n o r d i s t r i b u t i o n
•5 The Electron Concentration at an abrupt change in 
Donor Density
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or alternatively
2
A q tN ^C x)
2.2 .10
-2
I n  t h i s  case th e  s lo p e  o f  a p lo t  o f  C v e rs u s  V w i l l  g iv e  th e
d o n o r c o n c e n t r a t io n  a t  t h a t  p o in t  x .  T h is  fo rm s  th e  b a s is  o f  
a u to m a tic  C-V p r o f i l i n g  m e th o d s . A m ethod  due to  B a x a n d a ll
a p p l ie d  re v e rs e  b ia s .
I t  s h o u ld  be n o te d  t h a t  th e re  i s  a fu n d a m e n ta l l i m i t a t i o n  to  th e  
s p a c ia l  r e s o lu t io n  o f  th e  te c h n iq u e  w h ic h  o c c u rs  due. to  Debye 
s p re a d in g  o f  c a r r i e r s  as i l l u s t r a t e d  i n  f i g  2 .2 .5  f o r  an a b ru p t  
change o f  d o n o r c o n c e n t r a t io n .  T h is  i s  c h a r a c te r is e d  by  th e  Debye 
le n g th
T h is  g iv e s  r i s e  t o  a t a i l  o f  c a r r ie r s  i n t o  th e  low  doped r e g io n  
and c o n s e q u e n t ly  th e  p r o f i l e  m easured in  t h i s  r e g io n  i s  non
is  th e  m easured q u a n t i t y  in  t h i s  r e g io n .
C o n s e q u e n tly  a t a i l  o f  f r e e  c a r r ie r s  in  th e  d e p le t io n  r e g io n
e t  a l  [3 ] em p loys a t e s t  s ig n a l ,  f  (100  k H z ) ,  “to  m easure  C fro m  
w h ic h  x  i s  d e te rm in e d  (e q n  2 . 2 . 6 ) .  A lo w e r  fre q u e n c y ,  f^ Q /^ y  (1 kH z ) 
i s  used  to  m easure  d i r e c t l y  and N ^ (x ) i s  com puted u s in g  eqn 2 .2 .9  
A p lo t  o f  N ^ (x )  v e rs u s  x  i s  o b ta in e d  by m anua l v a r i a t io n  o f  th e
. . . 2 .2 .11
^ d ‘ ^ as been shown th a t  a v a lu e  s.omewhere b e tw een  N^Cx) and n
e x is t s  even  i n  u n i f o r m ly  doped m a te r ia l  as g iv e n  b y  [5 ]
n ( x )  = n exp 2 .2.12
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T h is  i s  v e ry  im p o r ta n t  i n  c o n s id e r a t io n  o f  th e  occupancy  o f  
t r a p p in g  le v e ls  a t  th e  edge o f  th e  d e p le t io n  r e g io n .
2 .2 .4  Deep L e v e ls  i n  a S c h o t tk y  B a r r ie r
The band d ia g ra m  o f  a S c h o t tk y  d io d e  on n ty p e  m a t e r ia l  i n  th e
p re s e n c e  o f  a s in g le  d o n o r - l i lc e  e le c t r o n  t r a p  ( n e u t r a l  when f i l l e d ,
p o s i t i v e  when em p ty ) i s  shown i n  f i g  2 .2 . 6 .  I n  th e  z e ro  te m p e ra tu re
a p p ro x im a t io n  a l l  th o s e  le v e ls  b e lo w  th e  F e rm i le v e l  ( ie  to  th e
r i g h t  o f  th e  F e rm i l e v e l  c r o s s in g  p o in t  x_ ) a re  f i l l e d .  U nder
En
re v e rs e  b ia s  ( n o n - e q u i l ib r iu m  c o n d it io n s )  th e  t r a p  occupancy  is
d e te rm in e d  by  th e  q u a s i F e rm i le v e ls  f o r  h o le s  (E ) and e le c t r o n s
1?
(E ^ )  ( f i g  2 . 2 . 7 ) .  A c c o rd in g  to  R h o d e r ic k  [ 6] i t  i s  a good 
a p p ro x im a t io n  to  assume t h a t  th e  h o le  q u a s i-F e rm i l e v e l  c o in c id e s  
w i t h  th e  F e rm i le v e l  i n  th e  m e ta l and th e  e le c t r o n  q u a s i F e rm i 
le v e l  c o in c id e s  w i t h  th e  s e m ic o n d u c to r  F e rm i l e v e l .  T h is  ig n o re s  
th e  c o m p lic a t io n  v e ry  c lo s e  to  th e  m e ta l-s e m ic o n d u c to r  in t e r f a c e  
when th e  e le c t r o n  q u a s i F e rm i le v e l  r is e s  c o n s id e r a b ly  [7 ] . The 
p o s i t i o n  o f  th e  l e v e l  i n  th e  band gap d e te rm in e s  w h e th e r  i t  i s  th e  
h o le  o r  e le c t r o n  q u a s i-F e rm i le v e l  w h ic h  d e te rm in e s  i t s  o c c u p a n c y .
C o n s id e r  th e  e x p re s s io n  f o r  th e  e m is s io n  r a t e  fro m  th e  le v e l  
( s e c t io n  2 . 1 . 2 ) .  E q u a t io n  2 .1 .1 0  can be w r i t t e n  i n  th e  fo rm
w here  n ^  i s  th e  i n t r i n s i c  c a r r i e r  c o n c e n t r a t io n  g iv e n  by
2 E -EN N exp c v  r
c v   2 .2 .1 4n .l kT
and E ^ th e  i n t r i n s i c  F e rm i l e v e l  g iv e n  by
E.i
2.2 .15
S im i la r l y  eqn 2 .1 .1 1  can be w r i t t e n  i n  th e  fo rm .
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Fig 2*2o6 The Charge State of Deep Donor—Like Traps at 
zero bias:— 
o-positive 
9-neutral
Fig 2.2*7 A Schottky Barrier under Reverse Bias Conditions 
showing the Hole and Electron Quasi Fermi Levels 
(Ep and En) and Crossing Points (xEp and xEn)
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e = a  K  V >  n . exp 
p P P 2.
E .-E  1 T
kT
From e q u a t io n s  2 .2 .1 3  and 2 .2 .1 6
. 2.2.16
„  „  _ kT  p . „ ° P  , „ en ..............  2 .2 .1 7
T i  -  T  f r S  + to -  + 2n r  
n P
U s in g  R h o d e r ic k 's  n o t a t io n  [ 6] E^ i s  d e f in e d  as 
kT p
E = E ± + -T- I n  - K    2 .2 .1 81 1 2 0n
From eqns 2 .2 .1 7  and 2 .2 .1 8
Ei  = Ei + ¥ * n r  + ¥   2 -2 -19
P n
From eqn 2 .1 .5  and 2 .2 .1 9
k
0  TTl
E = E + ~  i n  —  + ~  Jin - 2 L    2 .2 .2 0
i  1 L e 4 «
P mp
From eqn 2 .2 .2 0  i t  can be seen t h a t  i f  Em l i e s  above E , th e n
T 1
e le c t r o n  e m is s io n  w i l l  be m ore l i k e l y  th a n  h o le  e m is s io n  
( th e  l a s t  te rm  in  th e  e q u a t io n  i s  s m a ll and n e g a t iv e  f o r  G aA s). 
F o r  an in e q u a l i t y  o f  o n ly  2kT i n  e n e rg ie s  i s  a p p ro x im a te ly  
50 t im e s  la r g e r  th a n  e p . Thus ep can be ig n o re d  i n  th e  
d e n o m in a to r  o f  th e  t r a p  o ccu p a n cy  e x p re s s io n  f o r  n o n - e q u i l ib r iu m  
c o n d it io n s  (e q n  2 .1 .1 4 )
a n <  V >  + e
■p = C ^  P n n n -i
T a n< V >  + e + a p< V !> .....n n  n  p r  p
F u r th e r  s im p l i f i c a t i o n s  can be made by  c o n s id e r in g  th e  
i n e q u a l i t i e s  p re s e n te d  i n  t a b le  2 .2 .1  fro m  R h o d e r ic k  [ 6] . These 
a re  sum m arised  i n  r e l a t i o n  to  a band d ia g ra m  f o r  th e  l e v e l  u n d e r 
c o n s id e r a t io n  ( f i g  2 . 2 . 8) and le a d  to  th e  t r a p  occup an cy  t o  th e  
r i g h t  o f  p la n e  a t  w h ic h  ET + En = 213 g iv e n  by
2 0
Fig 2.
Fig 2.2
•n
:T
1.8 The Band Diagram for a Reverse Biased Schottky 
Barrier in the presence of a Trapping Level for which
9 The Band Diagram in the presence of a Trapping Level for which E^<
2 1
t o )
\  k T  /
a n< V > (
f T a n<Tv >  + e /E  -E  *   2 .2 .2 2
n n  n  1 + exp
I n  o th e r  w o rds  th e  t r a p  occupmriCy by e le c t r o n s  is  d e te rm in e d  by  
th e  e le c t r o n  q u a s i-F e rm i le v e l  and i n  th e  z e ro  te m p e ra tu re  
a p p ro x im a t io n  th e  t r a p s  a re  f u l l y  o c c u p ie d  to  th e  r i g h t  o f  th e  
F e r m i- le v e l  c r o s s - p o in t  x E n -
A s im i l a r  d e r iv a t io n  h o ld s  f o r  t r a p s  in  w h ic h  ET i s  b e lo w  E 
(e q u a t io n  2 . 2 . 20) so t h a t  h o le  e m is s io n  i s  more l i k e l y .  
S im p l i f i c a t io n s  made to  th e  t r a p  occup an cy  e x p re s s io n  (e q n  2 .1 .1 4 )  
a re  sum m arised  i n  f i g  2 .2 .9  le a d in g  to  th e  t r a p  o ccup an cy  to  th e  
l e f t  o f  th e  p la n e  a t  w h ic h  E^ + E^ = 2E^ g iv e n  by
e ,
f T = „  p s  -1------  = -----------------~ — ? r - r  ..............  2 .2 .2 3T a p<- V >  + e D
P  P 1 + exp ( !£ !» )  ' lcT 1
I n  t h i s  case th e re  i s  a F e rm i-D ira c  d i s t r i b u t i o n  w i t h  E , th e  h o le
P
q u a s i F e rm i l e v e l ,  d e te rm in in g  th e  t r a p  o c c u p a n c y . T ra p s  to  th e
r i g h t  o f  x E w i l l  be f i l l e d  i n  th e  z e ro  te m p e ra tu re  a p p ro x im a t io n .
P
The a s s u m p tio n  i s  o f t e n  made t h a t  o c c u p a t io n  o f  t r a p s  i s  d e te rm in e d  
by  th e  e le c t r o n - q u a s i  F e rm i le v e l  b u t  th e  a rg um en ts  h e re  show th a t  
t h i s  i s  o n ly  t r u e  f o r  >  E^., The b e h a v io u r  o f  a p a r t i c u l a r  tra p p in g  
le v e l  can  be p r e d ic te d  by c o n s id e ra t iq p .  o f  th e  - in e q u a l i t i e s  sum m arised 
in  t a b le  2 . 2. 1  ta k e n  fro m  [ 6] .
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2 .2 . 1
R e la t iv e  P o s i t io n  
o f  T ra p  L e v e l
E x p e c te d  C a p tu re  and 
E m is s io n  B e h a v io u r
Ei > E i en > e P
ET < E n a n <  V »  e n  n n
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2 .2 .5  The E f f e c t  o f  Deep L e v e ls  on C a p a c ita n c e  V o lta g e  P r o f i l i n g  
The p re s e n c e  o f  deep le v e ls  r e s u l t s  in  a m o d i f ic a t io n  to  th e  
space ch a rg e  d e n s i t y  i n  th e  d e p le t io n  r e g io n .  F o r  d o n o r l i k e  
t r a p s  i n  n  ty p e  m a te r ia l  th e  space ch a rg e  d e n s it y  t o  th e  l e f t  
o f  th e  F e rm i l e v e l  E^ ^ o r  E^ >  E .J i s  g iv e n  b y  + N^,. The m ethod  
used  f o r  c a r r i e r  c o n c e n t r a t io n  p r o f i l i n g  ( s e c t io n  2 .2 . 3 )  means 
t h a t  t r a p s  a t  th e  F e rm i le v e l  c r o s s - p o in t  may re s p o n d  to  th e  
a p p lie d  t e s t  s ig n a ls .  The t im e  c o n s ta n t  f o r  th e  t r a p  u n d e r 
c o n s id e r a t io n  a t  th e  F e rm i l e v e l  c r o s s - p o in t ,  w he re  e m is s io n  and 
c a p tu re  r a te s  a re  e q u a l,  i s  g iv e n  by  [ 6]
1 1
x =  — — ~ r r r ^ >  = 5—    2 .2 .2 4e + o  n v. v 2en n  n n
The m easurem ent re g io n s  n o r m a l ly  used g iv e  r i s e  to  th re e  ty p e s  
o f  b e h a v io u r  d e p e n d in g  on th e  t r a p  t im e  c o n s ta n t  and th e  
m easurem ent f r e q u e n c ie s .  ( r e f  to  p a ra g ra p h  f o l lo w in g  eqn 2 . 2 . 1 0 )
1 . 2 e >  f  >  f  , ,n C dC/dV
I n  t h i s  case  th e  t r a p s  can re s p o n d  to  b o th  th e  t e s t  f r e q u e n c ie s  
and th e  v a r i a t i o n  i n  c h a rg e  d e n s it y  i s  i l l u s t r a t e d  i n  f i g  2 . 2 . 1 0 . 
From  G a u ss 's  th e o re m  ( s e c t io n  2 .2 .3 )  th e  c a p a c ita n c e  can be 
deduced a s .
e(NdAx + NtAx.e )
r  =  f S L  = _________  L __ 2 2 25
AVR NdXRAK + NTXE AxEh n
I n  th e  case  o f  n o n -u n ifo rm  d o n o r and t r a p  d i s t r i b u t i o n s  i t  s h o u ld
be n o te d  t h a t  N i s  m easured  a t  x „  w h i le  IK, i s  m easured  a t  x „  .
d R T En
I n  th e  case o f  u n i fo rm  d o n o r d e n s it y  eqn 2 .2 .2 5  s im p l i f i e s  to
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(ta)
(c)
F ig  2 .2 .1 0  The Band  S t r u c tu r e  ( a ) ,  C ha rge  D e n s ity  ( b )  
and  E l e c t r i c  F i e l d  D i s t r i b u t i o n  ( c )  s h o w in g  
th e  r e l a t i v e  c o n t r ib u t io n s  o f  D onor (N d ) 
and T ra p p in g  (]JT ) le v e l s  f o r  th e  case  i n  
w h ic h  2e > f c >fdC 
n  dV
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s in c e  Ax = ^ xEn (s e e  a p p e n d ix  A l eqn A 1 8 ) . The e f f e c t i v e  
d e p le t io n  w id th  i s  a w e ig h te d  a ve ra g e  o c c u r r in g  be tw een  x ^  and
xEn -
2 . f  >  2 e >  f  /JTT c n dC/dV
The t r a p s  can no lo n g e r  f o l lo w  th e  m easurem ent f r e q u e n c y ,  f ^ ,  so
t h a t  th e  c a p a c ita n c e  i s  g iv e n  by
C =   2 .2 .2 7
XR
The traps are able to follow the variation of bias voltage and
t h i s  o f f s e t s  th e  m easured  c a r r i e r  c o n c e n t r a t io n  ( f i g  2 . 2 . 1 1 ) f o r
b o th  u n ifo rm  and n o n -u n ifo rm  t r a p  d i s t r i b u t i o n s .  T h is  case has
been t r e a te d  i n  d e t a i l  b y  K im e r l in g  [8] f o r  b o th  deep d o n o r and
deep a c c e p to r  l e v e l s .  The d e p le t io n  w id th  i s  m easured  a t  x  b u t
R
th e  m easured  c a r r i e r  c o n c e n t r a t io n  i s  g iv e n  by
+ Nd ( x )    2 .2 .2 8N (x )  = Nt  ( x E n ) 1 -
x - x „  En
3 ' fC>  f dC /dV >  2 en
The t r a p s  c a n n o t f o l lo w  e i t h e r  o f  th e  f r e q u e n c ie s  o f  m easurem ent and
th e  c a p a c ita n c e  i s  d e te rm in e d  e n t i r e l y  by movement o f  e le c t r o n s  a t
th e  d e p le t io n  r e g io n  edge . The s h a l lo w  d o n o r p r o f i l e  a t  x  i s
R
m easured  a c c o rd in g  to  eqn 2 .2 . 9 .
From  an e x a m in a t io n  o f  _the above cases i t  " is ' c le a r  t h a t  one has to  
be v e ry  c a r e f u l  i n  a n a ly s in g  C-V p r o f i l e s  when deep le v e ls  a re  
p re s e n t .  I t  i s  e s s e n t ia l  t h a t  th e  p a ra m e te rs  o f  th e  t r a p  a re  
known so t h a t  f o r  th e  g iv e n  m easurem ent f re q u e n c ie s  one can be 
aware o f  i t s  e f f e c t .  One m ethod o f  p r o f i l i n g  due to  C ope land  
[9 ]  uses tw o h ig h  f r e q u e n c ie s  f ^  and 2 f ^  to  m easure  x R and
25
(b )
Fig 2.2.11 Measured C-V Profiles in -the case of (a) uniform and 
(b) non-uniform trap distributions for the case in 
which f0>2en>fdC 
dV
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Nd ( x R) r e s p e c t iv e ly  in d e p e n d e n t ly  o f  w h e th e r  t r a p s  a re  p re s e n t  o r  
n o t .  A c o m b in a t io n  o f  th e  C ope land  and B a x a n d a ll [3 ] o r  m anua l 
C-V ( f = 1 'MHz j  te c h n iq u e s ' can  be used  to  m easure 
i n  cases 1 and 2 . A te c h n iq u e  u s in g  th e  te m p e ra tu re  
dependence o f  en to  a l t e r  th e  m easurem ent re g im e  i n  w h ic h  i t  f a l l s  
i s  used  l a t e r  to  d e te rm in e  d i f f e r e n t  t r a p  c o n c e n t r a t io n s  ( s e c t io n  
3 . 2 . 4 . 2 ) .
2 .3 . 1  T r a n s ie n t  C a p a c ita n c e  M easurem ents
The b a s is  o f  th e  te c h n iq u e  o f  Deep L e v e l T r a n s ie n t  S p e c tro s c o p y
(DLTS) [1 0 ] i s  th e  change o f  re v e rs e  b ia s  c a p a c ita n c e  by
means o f  a re d u c e d  v o l t a g e  p u ls e .  The t r a n s ie n t  c a p a c ita n c e
change w h ic h  o c c u rs  a f t e r  su ch  a p u ls e  i s  u sed  to  d e te rm in e  th e
to
p a ra m e te rs  o f  th e  t r a p p in g  le v e ls  p r e s e n t .  I n  o rd e r^ s e e  how
su ch  a t r a n s ie n t  a r is e s ,  c o n s id e r  th e  band  d ia g ra m  a s s o c ia te d
w i t h  a z e ro -b ia s e d  S c h o t tk y  ju n c t io n  i n  th e  p re s e n c e  o f  a deep
d o n o r l e v e l  ( f i g  2 . 3 . 1 ) ,  As p r e v io u s ly  d is c u s s e d  ( s e c t io n  2 . 2 . 4 )
th o s e  le v e ls  b e lo w  th e  F e rm i l e v e l ,  En w i l l  be f i l l e d  w i t h
a
e le c t r o n s .  On a p p l i c a t io n  o f Are v e rs e  b ia s ,  f i l l e d  t r a p s  w i l l  
f i n d  th e m s e lv e s  above th e  F e r m i- le v e l  and w i l l  em p ty  w i t h  an e m is s io n  
r a t e  g iv e n  b y  eqn 2 .1 . 1 0 .  F o r  d o n o r l i k e  deep le v e ls  th e  e f f e c t  
o f  th e  sudden  a p p l i c a t io n  o f  re v e rs e  b ia s  i s  to  d e c r e a s e  th e  n e t  
p o s i t i v e  space  c h a rg e  d e n s i t y  i n  th e  d e p le t io n  r e g io n .  As th e  
c a r r i e r s  a re  e m it te d  to  th e  c o n d u c t io n  band  th e  space  c h a rg e  
d e n s i t y  in c re a s e s  and th e  d e p le t io n  w id th  has to  d e c re a s e  to  
com pensa te  f o r  t h i s .  The e f f e c t  on t h e ju n c t io n  c a p a c ita n c e  i s  
a ls o  shown i n  f i g  2 . 3 . 1 .  The s te a d y  s t a t e  r e v e rs e  b ia s  v a lu e  
i s  e xcee de d  and a decay fo l lo x ^ in g  th e  e x p o n e n t ia l  e m is s io n  o f  
c a r r i e r s  o c c u rs .
An e x a c t ly  a n a lo g o u s  s i t u a t i o n  .a r is e s  f o r  a c c e p to r  l i k e  e le c t r o n  
t r a p s  w h ic h  a re  n e g a t iv e  when f i l l e d  and n e u t r a l  when e m p ty .
H o le  t r a p s ,  a c c e p to r  o r  d o n o r l i k e  i n  n  ty p e  m a t e r ia l  g iv e  r i s e  
to  a t r a n s ie n t  o f  th e  o p p o s ite  s ig n .  T h is  i s  shown i n  f i g  2 .3 .2  
f o r  a c c e p to r  l i k e  le v e ls  w h ic h  a re  f i l l e d  i n  t h i s  case  by 
i n j e c t i o n  o f  h o le s  fro m  a p+ c o n ta c t  d u r in g  fo rw a rd  b ia s in g
2.3 Deep Level Transient Spectroscopy (DLTS)
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Fig 2.3*1 The Band Diagrams (a) and associated Voltage (b) and 
Capacitance (c) plots showing the effect of an 
instantaneous application of reverse bias (Vr) to a 
Schottky barrier containing donor like electron traps 
4 ^ rpSE-i)
(a)  V
-  ------------------ — -En 
E,
Vc
(b)
v,R
a  -  -
( c )
p
Fig 2.3.2
R
The Band Diagrams (a) and associated Voltage (b) and 
Capacitance (c) plolcs for the switch from forward to 
reverse bias in a p n junction containing acceptor like 
hole traps in the-n type region
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the  ^ a
O n ^ a p p l ic a t io n  o f^ re v e r s e  b ia s  th e  f i l l e d  t r a p s  f i n d  th e m s e lv e s  
b e lo w  th e  h o le  q u a s i-F e rm i le v e l  and so e m it  t h e i r  c a r r ie r s  to  
th e  v a le n c e  b a n d . The n e t  p o s i t i v e  space c h a rg e  i n  th e  d e p le t io n  
r e g io n  d e c re a s e s  s in c e  th e  a c c e p to r  l i k e  le v e ls  become n e g a t iv e  
as th e y  e m p ty . The d e p le t io n  w id th  has to  in c re a s e  i n  w id th  to  
com pensate  f o r  t h i s  and i s  r e f le c t e d  i n  th e  decay o f  
c a p a c ita n c e  to  i t s  s te a d y  s t a t e  re v e rs e  b ia s  v a lu e .
The same a rgum en ts  a re  e a s i l y  e x te n d e d  to  p ty p e  s e m ic o n d u c to rs .
A h o le  t r a p  w i l l  be e m p tie d  when re v e rs e  b ia s  i s  a p p l ie d  b u t  t h i s  
t im e  t h e ■d e p le t io n  r e g io n  w i l l  d e c re a s e  i n  w id th  s in c e  th e  space 
ch a rg e  d e n s it y  due to  io n iz e d  s h a l lo w  a c c e p to rs  i s  n e g a t iv e .  The 
t r a n s ie n t  w i l l  th u s  be o f  th e  same s ig n  as t h a t  due to  an e le c c ro n  
t r a p  i n  n ty p e  m a t e r ia l .  C o n v e rs e ly  an e le c t r o n  t r a p  i n  p - ty p e  
m a t e r ia l  w i l l  g iv e  r i s e  t o  th e  o p p o s ite  s ig n  t r a n s ie n t .
The ty p e  o f  t r a n s ie n t s  o b s e rv e d  f a l l  i n t o  tw o c o n v e n ie n t c la s s e s .
M a jo r i t y  c a r r i e r  d e t r a p p in g  g iv e s  r i.s e  to  p o s i t i v e  g o in g  
c a p a c ita n c e  t r a n s ie n t s  w h i le  m in o r i t y  c a r r i e r  d e t r a p p in g  g iv e s  
r i s e  to  n e g a t iv e  g o in g  t r a n s ie n t s .  I t  s h o u ld  be n o te d  t h a t  
m a jo r i t y  c a r r i e r  t r a p s  can a ls o  be f i l l e d  d u r in g  fo rw a rd  i n j e c t i o n  
p u ls e s  w h ic h  f i l l  m in o r i t y  c a r r i e r  t r a p s  and so i t  i s  p o s s ib le  to  
o b s e rv e  b o th  ty p e s  o f  t r a n s ie n t  i n  t h i s  c a s e . The re s p o n s e  o f  a 
p a r t i c u l a r  t r a p p in g  l e v e l  i s  d ep en de n t on th e  r e l a t i v e  c a p tu re  
r a te s  f o r  th e  d i f f e r e n t  c a r r ie r s  and can be in t e r p r e t e d  u s in g  
th e  a n a ly s is  p re s e n te d  i n  s e c t io n  2 .2 . 4 .
2 .3 .2  An I n t r o d u c t io n  to  th e  T h e o ry  o f  Deep L e v e l T ra n s ie n t  
S p e c tro s c o p y
C a p a c ita n c e  t r a n s ie n t s  ( s e c t io n  .2 .3 .1 )  w e re  f i r s t  used  by W i l l ia m s  
[ l l ]  f o r  d e te c t in g  deep le v e ls  u s in g  o p t i c a l  means o f  g e n e ra t in g
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h o le  e le c t r o n  p a i r s .  B o th  th e  te c h n iq u e  and a n a ly s is  o f  d a ta  
have  u nd e rg o n e  re f in e m e n ts  [1 2 ,1 3 ] b u t  i t  was n o t  u n t i l  th e  m ethod 
o f  Deep L e v e l T r a n s ie n t  S p e c tro s c o p y  (DLTS) due to  Lang [1 0 ] was 
in t ro d u c e d  t h a t  i t  became easy  to  a ssess  m a te r ia ls  r o u t i n e l y  i n  
t h i s  w ay. -DLTS e n a b le s  c a r r i e r  d e t r a p p in g  to  be o b s e rv e d  on. a 
r e p e t i t i v e  b a s is  u s in g  a p u ls e  g e n e ra to r  to  re d u c e  th e  a p p lie d  
re v e rs e  b ia s  ( f i g  2 .3 . 3 )  w h i le  th e  decay o f  c a p a c ita n c e  i s  o b s e rv e d  
u s in g  a f a s t  c a p a c ita n c e  m e te r .  The p r im e  fe a t u r e  o f  DLTS is  
th e  a b i l i t y  to  s e t  an e m is s io n  r a te  w indow  so t h a t  th e  e x p e r im e n t 
o n ly  re sp o n d s  to  t r a n s ie n t s  w h ic h  have  th e  same e m is s io n  r a t e .  I f  
th e  e m is s io n  r a t e  o f  th e  t r a p p in g  le v e l  i n  th e  d e p le t io n  r e g io n  i s  
changed by  s c a n n in g  i n  te m p e ra tu re ,  th e  DLTS o u tp u t  s ig n a l  peaks 
a t  th e  te m p e ra tu re  o f  c o in c id e n c e  o f  th e  tw o e m is s io n  r a t e s .
F ig  2 .3 . 4  shows th e  v a r i a t i o n  o f  a t y p i c a l  c a p a c ita n c e  t r a n s ie n t  
w i t h  te m p e ra tu re .  The t r a p  e m is s io n  r a t e  as g iv e n  by  eqn 2 .1 .1 0  
i s  s lo w  a t  lo w  te m p e ra tu re s  and so th e  t im e  c o n s ta n t  a s s o c ia te d  
w i t h  th e  t r a n s ie n t  i s  lo n g .  C o n v e rs e ly  i t  i s  f a s t  a t  h ig h  
te m p e ra tu re s  and so th e  t im e  c o n s ta n t  i s  s h o r t .  The DLTS s ig n a l  
i s  d e r iv e d  by  s a m p lin g  th e  c a p a c ita n c e  t r a n s ie n t s  a t  t im e s  t ^  and 
t 2 a f t e r  re m o v a l o f  th e  p u ls e  v o l t a g e .  The d i f f e r e n c e  i n  th e
tw o c a p a c ita n c e s  i s  th e  DLTS s ig n a l  g iv e n  by
S (T ) = C ( t 2 ) -  C ( t  )   2 .3 .1
Assum ing  e x p o n e n t ia l  decay o f  th e  t r a n s ie n t  s ig n a l  eqn 2 .3 .1  
may be e x p re s s e d  as
S(T) = [Cr-AC(0) exp(-et2)]-[CR-AC(0) expC-et )1
-  AC (0) [ e x p ( - e t ^ )  -  e x p ( - e t 2 >]   2 .3 .2
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3*3 The Repetitive pulsing of the reverse bias voltage (a) 
and the associated capacitance changes (b) which occurs 
in the DLTS technique
#4 Capacitance Transients at various Temperatures and the 
derivation of the DLTS signal S(T) = C(t2) - C(t-j)
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w here  C i s  th e  s te a d y  s ta te  re v e rs e  b ia s  c a p a c ita n c e ,  AC(O) 
i s  th e  change i n  c a p a c ita n c e  a t  t  = 0 ( th e  end o f  th e  v o lta g e  
p u ls e )  and e i s  th e  e m is s io n  r a t e  o f  th e  t r a p p in g  l e v e l .  The 
peak i n  th e  DLTS s ig n a l  o c c u rs  when
d ~-dTT L  = °  = A0(0) t ' k i f  exP ( " e t 2 ) +
  2 .3 .3
ie  t ^  exp  ( ~ e t ^ )  = t 2 e x p ( - e t 2 > ............  2 . 3. 4
The e m is s io n  r a t e  a t  th e  peak te m p e r a tu r e .d e r iv e d  fro m  eqn 2 .3 .4  is
L ( t 7 t " ‘)
e = — — —~ — = -  ............. 2 .3 .5t  -  t  T2 1 1
and i s  o f t e n  r e f e r r e d  to  as th e  r a te  w ind ow .
S t r i c t l y  t h i s  r e s u l t  i s  d e r iv e d  assum ing  i n f i n i t e s i m a l  s a m p lin g  
tim e s  t ^  and t 2 • Lang [1 0 ] s ta te s  t h a t  th e  r e s u l t  h o ld s  f o r  
f i n i t e  s a m p lin g  g a te  w id th s  le s s  th a n  t  i n  w id th .  Day e t  a l  
[1 4 ] have  c o n s id e re d  th e  p ro b le m  o f  a r b i t r a r y  g a te  w id th s  and 
d e r iv e d  an e x p re s s io n  f o r  th e  t r u e  e m is s io n  r a t e  ta k in g  in t o  
a c c o u n t th e  f i n i t e  g a te  w id th s .  T h is  i s  fo u n d  i n  p r a c t ic e  to  
d i f f e r  l i t t l e  fro m  t h a t  d e r iv e d  u s in g  th e  s im p le  a p p ro x im a t io n  
t h a t  th e  t im e  a t  w h ic h  s a m p lin g  ta k e s  p la c e  i s  g iv e n  by
1
t  = t  + -  w....................................................................................... 2 .3 .6
s 2
w he re  t g i s  th e  s t a r t i n g  t im e  o f  th e  sam ple  p u ls e  and w i t s  
w id t h .
2 .3 .3  The D e te rm in a t io n  o f  T ra p  A c t iv a t io n  E n e rg y
The e m is s io n  r a te  c o r re s p o n d in g  to  a peak i n  th e  DLTS s ig n a l
p lo t t e d  as a f u n c t io n  o f  te m p e ra tu re  f o r  an e x p o n e n t ia l  t r a n s ie n t
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te m p e ra tu re  can be v a r ie d  by  a l t e r in g  th e  e m is s io n  r a te  w indow
and th e  a c t i v a t i o n  e n e rg y  d e te rm in e d  u s in g  th e  e q u a t io n  o f
d e t a i le d  b a la n c e  (e q n  2 . 1 . 1 0 ) .  S e v e ra l e x t r a  te rm s  need to  be
in c lu d e d  i n  th e  b a s ic  d e t a i le d  b a la n c e  e q u a t io n  w h ic h ,  f o r  an
e le c t r o n  t r a p ,  i s  th e n  o f  th e  fo r m : -
0 < V > N T 2 /  \  I E . + E , \n n c a \ f i o  b 1 „ n ,
en ---------------- T ----------------- e x p l t  l exp r  k f  ) * - * 2 -3 -7
T h is  ta k e s  a c c o u n t o f  th e  te m p e ra tu re  dependence o f  s e v e r a l
p a ra m e te rs  i n  th e  b a s ic  e q u a t io n .  The th e rm a l v e lo c i t y  <  >
and th e  e f f e c t i v e  d e n s it y  o f  s ta te s  Nc have  a com bined
2
te m p e ra tu re  dependence p r o p o r t io n a l  to  T (e q n s  2 .1 .5  and 2 . 1 . 9 ) .  
The i o n i z a t i o n  e n e rg y  o f  th e  t r a p p in g  l e v e l ,  E ^ , has been  shown 
to  v a r y  l i n e a r l y  ( a p a r t  fro m  a r e g io n  n e a r  a b s o lu te  z e ro )  w i t h  
te m p e ra tu re  [1 5 ,1 6 ]  a c c o rd in g  to  th e  e q u a t io n
E . “  E . -  aT   2 .3 . 81 10
w here  E . q i s  th e  v a lu e  e x t r a p o la te d  to  z e ro  te m p e ra tu re  and a i s  
th e  te m p e ra tu re  c o e f f i c i e n t .  S im i la r l y  th e  c a p tu re  c ro s s  s e c t io n  
has been shown to  be a c t iv a te d  th e r m a l ly  i n  many cases w i t h  an
a c t i v a t i o n  e n e rg y  E^ [1 7 ] such th a t
is defined by equation 2.3.5. The position of the peak in
°n = V  eXp 1 '  ^  I   2 ' 3 ' 9
w here  a i s  th e  v a lu e  e x t r a p o la te d  to  i n f i n i t e  te m p e ra tu re . 
D e s p ite  th e s e  c o r r e c t io n s  i t  i s  c o n v e n ie n t and n o rm a l p r a c t ic e  
in  th e  l i t e r a t u r e  to  q u o te  t r a p  s ig n a tu r e s  deduced fro m  th e  
e q u a t io n  o f  d e t a i le d  b a la n c e  i n  th e  fo rm
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T ina
. . . 2 .3 .10
w here  E “  E. + E. na 10 . . . 2 .3 .1 1
  2 .3 .1 2
* 2 3 2
4 m k  ( 6 t t  )  n
. . .  2 .3 .1 3
The a p p a re n t a c t i v a t i o n  e n e rg y , E , and e f f e c t i v e  c a p tu re  
c r o s s - s e c t io n ,  0 , a re  th e  s ig n a tu r e  o f  th e  t r a p  even  i f  th e y
do n o t  have  a d i r e c t  p h y s ic a l  m e a n in g . The c o n s t r u c t io n  o f  a 
p lo t  f o r  th e  d e te r m in a t io n  o f  th e s e  p a ra m e te rs  fro m  th e  g r a d ie n t  
and in t e r c e p t  i s  shown i n  f i g  2 .3 .5 - .
T h ro u g h o u t t h i s  i n v e s t ig a t io n  th e  c o n v e n t io n  o f  q u o t in g  th e  t r a p  
s ig n a tu r e s  w i l l  be a d o p te d  u n le s s  o th e rw is e  s ta te d .  T h is  e n a b le s  
d i r e c t  co m p a ris o n s  w i t h  o th e r  v a lu e s  q u o te d  i n  th e  l i t e r a t u r e  to  
be made and a v o id s  th e  d i f f i c u l t i e s  a r i s in g  fro m  th e  la c k  o f  a 
c o m p le te  k n o w le d g e  o f  th e  te m p e ra tu re  dependence o f  th e  t r a p  
p a ra m e te rs . C o r r e c t io n s  t o  th e s e  s ig n a tu r e s  a re  im p o r ta n t  when 
lo o k in g  a t  th e  a b s o lu te  p o s i t i o n  o f  th e  le v e l  i n  th e  b a n d -g a p  o r  
co m p a rin g  d a ta  fro m  o th e r  ty p e s  o f  i n v e s t i g a t i o n  such  as 
H a l l  m ea su rem e n ts .
2 .3 .4  T ra p  C a p tu re  C ross  S e c t io n  E v a lu a t io n
The c a p tu re  r a t e  and hence  th e  c a p tu re  c ro s s  s e c t io n  can be
d e te rm in e d  fro m  th e  h e ig h t  o f  th e  DLTS peak as a f u n c t io n  o f  th e
t r a p  f i l l i n g  p u ls e  w id th .  The tim e  dependence o f  th e  f i l l i n g
p ro c e s s  can be e x p re s s e d  b y  th e  s o lu t io n  o f  eqn 2 . 1. 2 i n  th e
fo rm
N ( t )  = Nt  [1  -  exp ( -  ©n t ) ] 2 .3 .1 4
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Fig 2.3*5 The Variation of DLTS signal (S) with emission rate (e) 
as a function of Temperature (T) and the associated 
Activation Energy Plot of Ln re “I against 1000
Lt2J t
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w here  N ( t )  i s  th e  num ber o f  t r a p s  f i l l e d  by  a p u ls e  w id th  t  and
s p e c i f i c  te m p e ra tu re  T , to  be d e te rm in e d  u s in g  eqn 2 . 3 . 1 4 . T h is  
a n a ly s is  i s  c o m p lic a te d  f o r  m in o r i t y  c a r r i e r  t r a p s  due to  
u n c e r t a in t ie s  i n  th e  in je c t e d  m in o r i t y  c a r r i e r  d e n s it y  d u r in g  
fo rw a rd  b ia s  o f  a p -n  ju n c t i o n .  The c a r r i e r  d e n s it y  i s  r e la t e d  to  th e  
m easured i n j e c t i o n  c u r r e n t  p u ls e  by  th e  e q u a t io n
w here  Dn i s  th e  d i f f u s i o n  c o e f f i c i e n t ,  y th e  i n j e c t i o n  e f f i c i e n c y ,
Ln th e  d i f f u s i o n  le n g t h ,  A th e  ju n c t io n  a re a  and I  th e  i n j e c t i o n  
c u r r e n t  . The need f o r  p r e c is e  kn ow led ge  o f  th e s e  p a ra m e te rs  f o r  th e  
d io d e  i n  q u e s t io n  g e n e r a l ly  makes such c a lc u la t io n s  le s s  a c c u ra te  th a n  
i n  th e  m a jo r i t y  c a r r i e r  t r a p  case  [ 1 0 ] .  O th e r  te c h n iq u e s  a re  more 
a p p l ic a b le  i n  th e  case o f  m in o r i t y  'c a r r ie r s  ( s e c t io n  2 . 4 . 3 ) .
The a c t i v a t i o n  e n e rg y , E ^ , f o r  th e  c a r r i e r  c a p tu re  c ro s s  s e c t io n  
may be d e te rm in e d  by  c a r r y in g  o u t  f i l l i n g  e x p e r im e n ts  a t  d i f f e r e n t  
te m p e ra tu re s . T h is  a ls o  e n a b le s  a c a lc u la t io n  o f  th e  z e ro  
te m p e ra tu re  i o n i z a t i o n  e n e rg y  o f  th e  t r a p  to  be made in  c o n ju n c t io n  
w i t h  a c t i v a t i o n  e n e rg y  m easurem ents u s in g  eqn 2 .3 .1 1 .  E x t r a p o la t io n  
o f  th e  t r a p  f i l l i n g  d a ta  to  T = 03 a llo w s  th e  te m p e ra tu re  c o e f f i c i e n t  
o f  th e  i o n i z a t i o n  e n e rg y  to  be d e te rm in e d  fro m  eqn 2 .3 .1 2 .
The te m p e ra tu re  v a r i a t i o n  o f  th e  io n i z a t i o n  e n e rg y  a c c o u n ts ,  a t
le a s t  i n  p a r t ,  f o r  d i f f e r e n c e s  in  th e  v a lu e s  o f  d e te rm in e d  fro m  
f i l l i n g  and e m is s io n  e x p e r im e n ts .  A n o th e r  f a c t o r  w h ic h  s h o u ld  be 
ta k e n  i n t o  a c c o u n t i s  th e  e f f e c t  o f  e l e c t r i c  f i e l d  on e m is s io n  
r a te s  w h ic h  can be p a r t i c u l a r l y  s e v e re  in  h ig h ly
doped m a t e r ia l  [1 8 ] . T h is  e f f e c t  i s  u s u a l ly  e a s i l y  d e te c te d  in
is  th e  t o t a l  t r a p  c o n c e n t r a t io n .  A p lo t  o f  Jin v e rs
th e  p u ls e  w id th ,  t ,  e n a b le s  th e  c a p tu re  c ro s s  s e c t io n ,  o ^ ,  a t  a
v rs u s
I . . . 2 .3 .1 5
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DLTS as i t  m a n ife s ts  i t s e l f  by  s h i f t s  i n  th e  peak p o s i t i o n  i f  th e  
re v e rs e  b ia s  i s  changed [ 10] .
2 .3 .5  The C a lc u la t io n  o f  T ra p  C o n c e n tra t io n
The t r a p  d e n s i t y  N-j. may be c a lc u la te d  fro m  th e  h e ig h t  o f  th e  DLTS
p e a k . The c a p a c ita n c e  o f  a re v e rs e  b ia s e d  S c h o t tk y  d io d e  i n  th e
s te a d y  s t a t e  when m easured  a t  a f re q u e n c y ,  f  >  2 e , i s  g iv e n  by
C
th e  s im p le  p a r a l l e l  p la t e  c a p a c ita n c e  e x p re s s io n  o u t l in e d  in  
s e c t io n  2 .2 . 5 .  I n  th e  case o f  d o n o r l i k e  e le c t r o n  t r a p s  i n  th e  
s te a d y  s ta te  ( ie  em p ty and p o s i t i v e  i n  th e  d e p le t io n  r e g io n )  th e  
n e t  space  c h a rg e  d e n s i t y  i s  + N ^.
Im m e d ia te ly  a f t e r  re m o v a l o f  th e  f i l l i n g  p u ls e  i n  th e  DLTS te c h n iq u e ,  
n e u t r a l  t r a p p in g  le v e ls  a re  p re s e n t  i n  th e  d e p le t io n  r e g io n .  T h is  
causes th e  d e p le t io n  w id th  t o  expand beyond  i t s  s te a d y  s ta te  v a lu e  
because  o f  th e  d e c re a s e d  n e t  p o s i t i v e  space  c h a rg e  d e n s i t y .  The 
d i f f e r e n c e  i n  d e p le t io n  w id th s  i s  a m easure  o f  th e  t r a p  
c o n c e n t r a t io n  and i s  e q u iv a le n t  to  th e  d i f f e r e n c e s  i n  th e  
c a p a c ita n c e  m easured  im m e d ia te ly  a f t e r  re m o v a l o f  th e  f i l l i n g
p u ls e  ( t  = 0 ) and th e  s te a d y  s ta te  c a p a c ita n c e  ( t  = «>) such  t h a t
. . . .  2 .3 .1 6acco) _ _ (Nd+Y % - Nd%
C (» )  C (°°) /IT  (N + N ) 2
F o r th e  case  t h i s  s im p l i f i e s  to
AC(O) = 1 J
C ^ y  - 2 Nd 2 .3 .1 7
From  eqn 2 .3 .1 7  and 2 .3 .2  th e  t r a p  d e n s it y  can be e x p re s s e d  i n  
te rm s o f  th e  DLTS peak h e ig h t .
2 1  S
w _  Q max_____________  .  _ _ „
T C ( 00) [ e x p ( - e t 2 ) - e x p ( - e t 1 ) ]    2 .3 .1 8
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T h is  e q u a t io n  g iv e s  th e  c o r r e c t  c o n c e n t r a t io n  o f  t r a p s  o n ly  i f  a l l  
th e  t r a p s  i n  th e  d e p le t io n  r e g io n  a re  e m p tie d  and f i l l e d  d u r in g  
th e  p u ls in g  s e q u e n ce s . I n  p r a c t ic e  t h i s  i s  n o t  th e  case and th e  
t r u e  t r a p  c o n c e n t r a t io n  i s  u s u a l ly  a b o u t 50% h ig h e r  th a n  t h a t  
c a lc u la te d  fro m  e q u a t io n  2 .3 .1 7 .  N e v e r th e le s s  th e  e q u a t io n  i s  
u s e fu l  f o r  g iv in g  a q u ic k  o rd e r  o f  m a g n itu d e  e s t im a te  o f  t r a p  
d e n s it y  p r o v id e d . th e  s h a l lo w  d o n o r c o n c e n t r a t io n  p r o f i l e  i s  know n.
m a jo r i t y  c a r r i e r  p u ls e  h e ig h t  as o u t l in e d  by Lang [10 ] . I f  t h i s  
i s  l i n e a r  th e n  th e  t r a p  c o n c e n t r a t io n  i s  p r o p o r t io n a l  to  th e  
c a r r i e r  c o n c e n t r a t io n .
The m easurem ent o f  a m ore a c c u ra te  t r a p  c o n c e n t r a t io n  v a lu e  in v o lv e s
th e  c o n s id e r a t io n  o f  th e  a c tu a l  w id th  in  th e  d e p le t io n  r e g io n  fro m
w h ic h  tra p p e d  c a r r i e r s  a re  e m it te d  [ 13] . The band b e n d in g  i n  th e
d e p le t io n  r e g io n  o f  a re v e rs e  b ia s e d  S c h o t tk y  d io d e  m ust be c o n s id e re d .
F ig  2 . 3 . 6 ( a )  shows th e  s i t u a t i o n  d u r in g  th e  a p p l i c a t io n  o f  a re d u ce d
b ia s  p u ls e .  The d e p le t io n  r e g io n  has a w id th  x ^  b u t  t r a p s  u p to  a d e p th
x  , w he re  th e  t r a p p in g  le v e l  c ro s s e s  . th e  F e rm i l e v e l ,  a re  f i l l e d .  The r r
s i t u a t i o n  a f t e r  re m o v a l o f  th e  p u ls e  i s  shown i n  2 . 3 . 6 ( b ) .  The 
d e p le t io n  d e p th  i s  x ^  and th e  t r a p  Ferm i l e v e l  c r o s s in g  p o in t  i s  
X f£ .  T ra p s  i n  th e  r e g io n  X £ p -X fp  e m it  e le c t r o n s  to  th e  c o n d u c t io n  
band and c o n t r ib u t e  to  th e  o b s e rv e d  c a p a c ita n c e  t r a n s ie n t .  T h is  
s i t u a t i o n  i s  t r e a te d  i n  d e t a i l  i n  a p p e n d ix  A l  w he re  a m o d if ie d  
t r a p  d e n s it y  e x p re s s io n  i s  d e r iv e d  (e q n  A -1 5 )
The t r a p  p r o f i l e  shape can be e s t im a te d  fro m  a p lo t  o f  S
max v e rs u s
Nt  ( x f p )
s
max . . .  2.3.19
Fig 2.3.
( a )
( b)
:n
:T
The Band bending (a) during pulse application and (b) 
immediately after pulse removal showing the emptying of 
donor lilce electron Traps between the Fermi level Crossing 
points (Xfp and X^)
The F e rm i le v e l  c r o s s in g  p o in t s  may be e v a lu a te d  fro m  th e  
e x p re s s io n  f o r  th e  t r a n s i t i o n  r e g io n  w id th
/ 2 e  (E -E  )
X = /   I  —    2 .3 .2 02 
d q
f o r  c o n s ta n t  N . ( x )  w he re  d
:fP  XP
(s e e  a p p e n d ix  A l  eqn A18)
" A   2 .3 .2 1
and x fR  -  x R -  A   2 .3 .2 2
I n  th e  case o f  p u ls in g  to  z e ro  b ia s  x „  = x  , th e  z e ro  b ia s
p  o
d e p le t io n  w id th .
2 .4 .1  S ig n a l P ro c e s s in g
The DLTS s y s te m  d e s c r ib e d  in  th e  p re v io u s  s e c t io n s  uses a d o u b le  
b o x c a r  a v e ra g e r  to  s e t  th e  e m is s io n  r a t e  w ind ow . An a l t e r n a t i v e  
to  t h i s  i s  th e  lo c k  i n  a m p l i f i e r  te c h n iq u e  o f  K im e r l in g  [1 9 ] 
w h ic h  r e l i e s  on c h a n g in g  th e  lo c k  in  fre q u e n c y  to  v a ry  th e  r a te  
w in d o w . Care m us t be ta k e n  when u s in g  t h i s  m ethod  to  choose  th e  
a p p r o p r ia te  phase s e t t i n g  f o r  th e  lo c k  i n  o th e rw is e  e r r o r s  i n  
th e  e m is s io n  r a t e  become s i g n i f i c a n t  [14 ] . I t  i s  a ls o  im p o r ta n t  
to  g a t e - o f f  th e  s ig n a l  fro m  th e  lo c k  i n  a m p l i f i e r  d u r in g  th e  
t r a p  f i l l i n g  and a ls o  im m e d ia te ly  a f t e r  p u ls e  re m o v a l i n  o rd e r  
to  a v o id  s p u r io u s  t r a n s ie n t s  [14 ] .
A t h i r d  m e th o d , due to  M i l l e r  e t  a l  [2 0 ] uses a r e fe r e n c e  
e x p o n e n t ia l  w h ic h  i s  c o r r e la t e d  w i t h  th e  e x p e r im e n ta l s ig n a l .
The maximum i n  th e  o u tp u t  o f  th e  c o r r e la t o r  i s  d e s ig n e d  to  o c c u r  
when th e  tw o  s ig n a ls  have  th e  same tim e  c o n s ta n t  so t h a t  th e  
e m is s io n  r a te  i s  s e t  by  th e  re fe re n c e  s ig n a l  t im e  c o n s ta n t .  An 
im p ro v e d  c o r r e la t i o n  fu n c t io n  has been p ro p o s e d  by H o d g a rt [2 l ]  
w h ic h  overcom es a p ro b le m  i n  th e  d e r iv a t io n  o f  th e  o u tp u t  maximum 
in  th e  e x p o n e n t ia l  'c o r r e la t o r .
The fo u r  c o r r e la t i o n  fu n c t io n s  a re  com pared i n  f i g  2 .4 . 1 .  The 
fu n c t io n s  g iv e  r i s e  to  d i f f e r e n t  o u tp u t  s ig n a l  to  n o is e  r a t i o s  
and th e  r e s o lu t io n  o f  a d ja c e n t  peaks i n  th e  DLTS s p e c tru m  d i f f e r .
The lo c k  i n  m ethod  g iv e s  an im p ro v e d  S/N r a t i o  o v e r  th e  b o x c a r  
m ethod and s l i g h t l y  im p ro v e d  r e s o lu t io n .  The e x p o n e n t ia l  
c o r r e la t i o n  f u n c t io n  w h ic h  m ig h t  be e x p e c te d  to  g iv e  a much 
im p ro v e d  s ig n a l  t o  n o is e  r a t i o  doesn 6t  because  o f  th e  p ro b le m  i n
° 4
D e v e l o p m e n t s  o f  t h e  B a s i c  DLTS T e c h n i q u e
I42  ‘
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d e r iv in g  th e  o u tp u t  s ig n a l .  The d i g i t a l  c o r r e la t i o n  f u n c t io n  
has been shown t o  g iv e  a v e ry  much im p ro v e d  s ig n a l  to  n o is e  r a t i o  
o f  a f a c t o r  o f  20 o v e r  th e  e x p o n e n t ia l  a t  th e  c o s t  o f  s l i g h t l y  
w o rse  r e s o lu t io n .
S e v e ra l co m p u te r and c a lc u la t o r  c o n t r o l le d  sys tem s have  been 
r e p o r te d .  These v a ry  i n  s o p h is t ic a t io n  b u t  t y p i c a l l y  c o n t r o l  th e  
te m p e ra tu re  v a r i a t i o n ,  sam p le  b ia s ,  and e l im in a te  th e  need f o r  a 
d o u b le  b o x c a r  d e te c to r  [2 2 ] .  I t  i s  p o s s ib le  to  d e te rm in e  th e  t r a p  
p a ra m e te rs  fro m  a s in g le  DLTS ru n  u s in g  more com p lex  s ig n a l  
p ro c e s s in g .  The sys te m  can a ls o  o p e ra te  in  th e  c o n s ta n t - c a p a c ita n c e  
mode so t h a t  th e re  i s  no change i n  th e  r e g io n  o f  o b s e rv a t io n  o f  
t r a p s  i n  sam p les whose c a p a c ita n c e  v a r ie s  r a p id l y  in  te m p e ra tu re .
The m a in  d is a d v a n ta g e  w i t h  th e s e  sys tem s i s  t h a t  th e  maximum 
e m is s io n  r a t e  w indow  p o s s ib le  has been l im i t e d  by th e  speed o f  th e  
c a lc u la to r s C  e ^  50 s * ) .  f 221max
2 .4 .2  T ra p  C o n c e n tra t io n  P r o f i l i n g  and D i f f e r e n t i a l  ( o r  d o u b le )
DLTS
The d e te r m in a t io n  o f  t r a p  c o n c e n t r a t io n  has been  d is c u s s e d  i n  
s e c t io n  2 .3 .5  and an e x p re s s io n  d e r iv e d  (e q n  2 .3 .1 9 )  w h ic h  ta k e s  
a c c o u n t o f  th e  non c o n t r ib u t io n  o f  c e r t a in  le v e ls  i n  th e  d e p le t io n  
r e g io n .  A more g e n e ra l fo rm  o f  t h i s  e q u a t io n  i s  d e r iv e d  in  
a p p e n d ix  A l . T h is  e n a b le s  s p a t i a l  p r o f i l i n g  o f  a t r a p  c o n c e n t r a t io n  
to  be c a r r ie d  o u t  fro m  p a i r s  o f  DLTS s p e c t ra  o b ta in e d  u s in g  th e  
same re v e rs e  b ia s  VR , b u t  d i f f e r e n t  p u ls e  v o lta g e s  Vp and V ^ . The 
c o n c e n t r a t io n  o b ta in e d  i s  t h a t  o f  t r a p s  i n  a lo c a l is e d  r e g io n  
b e tw een  th e  tw o F e rm i l e v e l  c r o s s in g  p o in t s  x ^ p and x ^  ( f i g  2 .4 . 2 )  
and i s  g iv e n  by
o x ^2 S (V _ )-S  (V  )
x- ( \ _ 2 R — , x max Q max P
T Xfp  [e x p  ( -  e t , ) -  exp ( -  e t  ) ] ' , 2x ' d XR C (°°)
1 2 jfp fQ 7 R
  2.4.1
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Fig 2.4*2 Setting an Observation WindowX^Q-Xfp for Trap
Concentration Profiling using two voltage pulses 
VQ and Vp
VQ
Vp
VR 3 1
Fig 2.4*3 The Principle of DDLTS measurements using sequential 
pulsing Vp and Vq
DDLTS signal = £c (t-| )-C(t2)J ~ p ( t ^ - C ' (t2) J
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o f  L e fe v re  and S c h u lz  [ 2 3 ] .  T h is  u t i l i s e s  a 4 c h a n n e l b o x c a r
w i th  s u c c e s s iv e  p u ls e s  o f  d i f f e r e n t  m a g n itu d e  so t h a t  a l l  th e  d a ta  is
g a th e re d  i n  one DLTS r u n .  The p r i n c ip le  o f  t h i s  sys te m  is
i l l u s t r a t e d  i n  f i g  2 . 4 . 3 .  T h e re  a re  s e v e r a l  a d va n ta g e s  to  be
g a in e d  fro m  u s in g  such  a d i f f e r e n t i a l  o r  d o u b le  DLTS m e th od . The.
t r a p s  u n d e r o b s e r v a t io n  a re  i n  a lo c a l is e d  a re a  away fro m  b o th
th e  m e ta l-s e m ic o n d u c to r  in t e r f a c e  and th e  F e rm i l e v e l  c r o s s in g
p o in t .  Any t r a p s  w i t h  m o d if ie d  e m is s io n  r a te s  i n  o th e r  p a r ts  o f
th e  d e p le t io n  r e g io n  a re  e x c lu d e d  fro m  th e  m ea su rem e n t. T ra p s
s u b je c t  to  f i e l d  enhanced  e m is s io n  n e a r  th e  m e ta l-s e m ic o n d u c to r
i n t e r f a c e  (w h e re  th e  e l e c t r i c  f i e l d  i s  h ig h e s t )  h ave  been o b s e rv e d
by Lang [10 ] t o  g iv e  r i s e  to  non e x p o n e n t ia l  t r a n s ie n t s  and a
s m e a rin g  o u t  o f  th e  DLTS p e a k . Such e f f e c t s  w i l l  be  re d u c e d  o r
even t o t a l l y  e l im in a te d  i f  a d i f f e r e n t i a l  mode o f  o p e r a t io n  i s  u s e d .
P r o f i l i n g  i s  p e r fo rm e d  by  v a r y in g  th e  a p p lie d  r e v e rs e  b ia s  w h i le
V and re m a in  f i x e d  so t h a t  f o r  s m a ll p u ls e s  th e  w id th  o f ,  and 
P Q
th e  f i e l d s  i n ,  th e  o b s e rv a t io n  w indow  v a ry  o n ly  v e r y  s lo w ly .  I t  
i s  a ls o  c la im e d  t h a t  n o is e  i s  re d u c e d  by such  a s ys te m  s in c e  any 
s p u r io u s  s ig n a ls  a r i s i n g  fro m  th e  e le c t r o n ic s  a re  a u to m a t ic a l ly  
e l im in a te d .  T h is  g a in  m us t be b a la n c e d  a g a in s t  th e  re d u c e d  s ig n a l  
a v e ra g in g  ta k in g  p la c e  s in c e  each c o m p le te  m easurem ent c y c le  now 
ta k e s  tw ic e  th e  t im e .
The above a n a ly s is  i s  m os t u s e fu l  f o r  p r o f i l i n g  a n o n -u n ifo rm  t r a p  
d i s t r i b u t i o n  w h ic h  w i l l  u s u a l ly  be accom pan ied  by  a n o n -u n ifo rm  
s h a llo w  d o n o r c o n c e n t r a t io n .  I n  such cases th e  s im p le  e q u a t io n  
f o r  d e te rm in in g  th e  F e r m i- le v e l  c r o s s - p o in ts  (e q n  2 .3 .2 0 )  does 
n o t  h o ld  and a n u m e r ic a l s o lu t io n  o f  P o is s o n 's  e q u a t io n  f o r  th e  
d e g re e  o f  band b e n d in g  i s  r e q u i r e d .
E q u a t i o n  2 . 4 . 1  c a n  b e  u s e d  t o  a n a l y s e  t h e  d o u b l e  DLTS e x p e r i m e n t
2 .4 .3  O p t ic a l  DLTS (ODLTS) and M in o r i t y  C a r r ie r  T ra p  
S p e c tro s c o p y  (MCTS)
An o p t i c a l  DLTS te c h n iq u e  has been d e v e lo p e d  b y  M it to n e a u  e t  a l
[2 4 ] . T h is  uses  a chopped in f r a - r e d  (1 .0 6  ym) YAG la s e r  to
change th e  o ccup an cy  o f  t r a p p in g  le v e ls  i n  a re v e rs e  b ia s e d
ju n c t io n .  T h is  e l im in a te s  th e  need f o r  b ia s  p u ls in g  and has th e
g re a t  a d v a n ta g e  t h a t  m in o r i t y  c a r r i e r  t r a p s  a re  now e a s i l y
a c c e s s ib le  i n  a S c h o t tk y  b a r r i e r  s t r u c t u r e .  S ub-band  gap
( f o r  GaAs) r a d ia t i o n  i s  used  to  a l lo w  i r r a d i a t i o n  th ro u g h  th e
s u b s t r a te  and l i m i t s  th e  p o s s ib le  t r a n s i t i o n s  s in c e
h o le - e le c t r o n  p a i r s  a re  n o t  g e n e ra te d . U n ifo rm  f i l l i n g  th ro u g h o u t
th e  d e p le t io n  r e g io n  s h o u ld  o c c u r  due to  th e  lo w  a b s o rp t io n
c o e f f i c i e n t  o f  s u b -b a n d  gap l i g h t .
The s e n s i t i v i t y  o f  an o p t i c a l  f i l l i n g  e x p e r im e n t i s  d i f f e r e n t  fro m  
t h a t  o f  th e  n o rm a l e l e c t r i c a l  f i l l i n g  mode s in c e  i t  i s  p o s s ib le  
to  g e t e x c i t a t i o n  o f  c a r r i e r s  to  th e  t r a p  fro m  th e  r e le v a n t  band
and s u b s e q u e n t e m is s io n  as g iv e n  by
e° = o °  s   2 . 4 . 3
P P
, o o . .
w he re  and a p a re  th e  o p t i c a l  e m is s io n  r a te  and c a p tu re  c r o s s -
s e c t io n s  ^ fo r  h o le s  i n  t h i s  case^ and s i s  th e  p h o to n  f l u x  (cm  2s ^ ) .
T h e re  a re  a ls o  c o m p e tin g  p ro c e s s e s  o f  e le c t r o n  c a p tu re  and e m is s io n
r e l a t i v e  to  th e  c o n d u c t io n  b a n d . The change o f  o ccup an cy  o f  a
d e fe c t  s t a t e  o f  t o t a l  c o n c e n t r a t io n  may be e x p re s s e d  as
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where and are the numbers of traps filled by electrons 
and holes respectively. The solution of this equation for the 
two cases of the traps being initially filled and empty at t = 0 
give rise to an exponential decay or rise to the equilibrium 
occupancy
(a° pKy >  + e + e° ) Nr
( a °  p^V  > + e  + e ° ) , + ( c °  n'AV >  + e + e °)
p p n n  n n  P p
  2 . 4 . 5
The le a d in g  edge o f  th e  c a p a c ita n c e  change o c c u r r in g  on o p t i c a l
i l l u m in a t io n  has an e x p o n e n t ia l  fo rm  w i t h  a t im e  c o n s ta n t  g iv e n
b y  th e  sum o f  a l l  th e  r a te s  o f  c a p tu re  and e m is s io n .  Once th e
s te a d y  s t a t e  i s  e s ta b l is h e d  and th e  l i g h t  p u ls e  i s  rem oved th e
c a p a c ita n c e  decays due to thermal emission processes
( f i g  2 . 4 . 4 )  and th e  t r a p  a c t i v a t i o n  e n e rg y  can be c a lc u la te d  u s in g
normal DLTS theory. The trap concentration is not so easily
d e te rm in e d  b u t  may be e s t im a te d  fro m  eqn 2 . 4 . 5 .  T h is  can  be
s im p l i f i e d  by  assuming that the optical emission rates dominate
th e  k i n e t i c s .  The o p t i c a l  c a r r i e r  e m is s io n  r a te s  c o u ld  be
d e te rm in e d  fro m  c o m p a ra t iv e  o p t i c a l  and c o n v e n t io n a l DLTS
m easurem ents u s in g  n  and p ty p e  m a t e r ia l .  M in o r i t y  c a r r i e r  t r a p s  can
o n ly  be a sse sse d  b y  ODLTS when th e  r a t i o  e ° / ( e °  + e ° )  i s  n o t  to o  s m a ll
n n  p
o th e rw is e  th e  l e v e l  w i l l  n o t  be f i l l e d  ( w i t h 'h o le s  i n  t h i s  c a s e ) .
A m o d i f ic a t io n  o f  t h i s  m e th o d , c o m b in in g  o p t i c a l  e x c i t a t i o n  and 
e l e c t r i c a l  r e f i l l i n g ,  w h ic h  a llo w s  one to  m easure  m a jo r i t y  c a r r i e r  
c a p tu re  c r o s s - s e c t io n s  f o r  m in o r i t y  c a r r i e r  t r a p s  has r e c e n t ly  
been o u t l in e d  [ 2 5 ] .  A z e ro  v o lta g e  p u ls e  i s  a p p l ie d  to  th e  sam ple  
a f t e r  th e  o p t i c a l  e x c i t a t i o n  ( f i g  2 .4 . 5 )  to  in d u c e  t r a p  f i l l i n g  by 
m a jo r i t y  c a r r i e r s .  V a r ia t io n  o f  th e  v o l t a g e  p u ls e  w id th  g iv e s  a
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c
Fig 2.4. 
S
V
c
Fig 2.4«
Fig 2*4*
4 The Timing Sequence for ODLTS:— s -the light pulse,
V the applied voltage and C the resultant capacitance 
for a minority carrier trap
5 The Timing Sequence for combined optical (s) 
and electrical pulsing (v) and the resultant 
Capacitance transient (C)
6 Minority Carrier Trap Spectroscopy (MOTS) transients 
for determination of capture cross section (cr ) in 
addition to emission rate (e )\ p*
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means o f  d e te rm in in g  th e  m a jo r i t y  c a r r i e r  c a p tu re  c r o s s - s e c t io n  fro m  
th e  DLTS peak h e ig h t  as o u t l in e d  i n  s e c t io n  2 .3 .1 4 .  A f u r t h e r  
v a r i a t i o n  on t h i s  m ethod  c a l le d  M in o r i t y  C a r r ie r  T ra p  
S p e c tro s c o p y  (MCTS) [2 6 ] can be used to  m easure  th e  m in o r i t y  
c a r r i e r  c r o s s - s e c t io n  f o r  m in o r i t y  c a r r i e r  t r a p s .  L ig h t  j u s t  
g r e a te r  th a n  b a n d -g a p  i s  used  to  i l lu m in a t e  a s e m i- t r a n s p a re n t  
S c h o t tk y  such  t h a t  a b s o r p t io n  o c c u rs  beyond  th e  d e p le t io n  w id th  
i n  th e  s e m ic o n d u c to r  b u lk .  H o le - e le c t r o n  p a i r s  a re  c re a te d  
w h ic h  s e p a ra te  u n d e r  th e  a p p lie d  re v e rs e  b ia s .  Those h o le s  w i t h in  
a d i f f u s i o n  w id th  o f  th e  d e p le t io n  r e g io n  ( i n  n  ty p e  m a t e r ia l )  
th e n  d r i f t  ra c ro s s  i t  and may be c a p tu re d  by  t r a p s .  The a p p lie d  
e l e c t r i c  f i e l d  p re v e n ts  e le c t r o n s  c o n t r ib u t in g  s i g n i f i c a n t l y  
to  th e  c a p tu re  p ro c e s s  and so  th e  o ccup an cy  i s  d e te rm in e d  by th e  
h o le  c a p tu re  and e m is s io n  p ro c e s s e s  w i t h  a t im e  c o n s ta n t  to  
e q u i l ib r iu m  g iv e n  by
t ” 1 = p a < V > + e    2 .4 .6
F p P P
F o r h ig h  l i g h t  i n t e n s i t i e s  th e  c a p a c ita n c e  s a tu r a t e s ,  a l lo w in g  
d i r e c t  m easurem ent o f  th e  t r a p  c o n c e n t r a t io n .  A f t e r  re m o v a l o f  
th e  l i g h t  p u ls e  th e  c a p a c ita n c e  decays due to  th e rm a l e m is s io n  
a l lo w in g  and th e  a c t i v a t i o n  e n e rg y  to  be d e te rm in e d . E q u a t io n
2 .4 .6  may be used  to  d e te rm in e  fro m  a m easurem ent o f  x  ^ and p 
fro m  th e  p h o to c u r re n t  ( f i g  2 . 4 . 6 ) .
2 .4 .4  T r a n s ie n t  C u r re n t  S p e c tro s c o p y
T h is  m e th o d ,re p o r te d  b y  W esse ls  [ 2 7 ] ,  in v o lv e s  th e  a p p l ic a t io n  o f  
a fo rw a rd  b ia s  p u ls e  to  a re v e rs e  b ia s e d  d io d e .  The r e s u l t a n t  
t r a n s ie n t  c u r r e n t  a r i s i n g  fro m  c a r r i e r  d e t r a p p in g  i s  a n a ly s e d .
The c u r r e n t  m a g n itu d e  i s  g iv e n  by [28 ]
N * q AAW e
!  =  R  exp (~ e n t )    2 .4 .7
w here  AW i s  th e  change i n  d e p le t io n  w id th  c o v e re d  by  th e  p u ls in g .
I t  i s  sam p led  a t  t im e  t ,  a f t e r  re m o v a l o f  th e  p u ls e  by m o n ito r in g  
th e  v o lt a g e  d ro p  a c ro s s  a s e r ie s  r e s i s t o r .  The maximum in  th e  
t r a n s ie n t  s ig n a l  o c c u rs  when t ^  i s  e q u a l to  th e  t im e  c o n s ta n t  o f  
th e  d e t ra p p in g  as t h i s  i s  v a r ie d  d u r in g  th e  te m p e ra tu re  s c a n . The 
a c t i v a t i o n  e n e rg y  i s  d e te rm in e d  u s in g  th e  e q u a t io n  o f  d e ta i le d  
b a la n c e . B o th  m a jo r i t y  and m in o r i t y  c a r r ie r s  can be o b s e rv e d  in  
p -n  ju n c t io n s  b u t  th e  same s ig n  peaks r e s u l t  f o r  b o th  ty p e s .
M in o r i t y  c a r r i e r  peaks can  be d is t in g u is h e d  by  t h e i r  absence when 
p u ls in g  to  z e ro  b ia s  o n ly .  The t r a p  d e n s it y  can be o b ta in e d  
fro m  eqn 2 .4 .7  a t  th e  c u r r e n t  maximum a f t e r  e n s u r in g  th a t  
s a tu r a t io n  f i l l i n g  i s  o c c u r r in g .
C le a r ly  t h i s  te c h n iq u e  may be e x te n d e d  to  o p t i c a l  f i l l i n g  o f  
t r a p p in g  le v e ls .  I t  i s  p a r t i c u l a r l y  u s e fu l  f o r  e x a m in in g  PIN 
ty p e  s t r u c t u r e s  whose lo w  c a p a c ita n c e  w o u ld  be v e ry  i n s e n s i t i v e  
to  t r a p  f i l l i n g  and e m p ty in g  i n  th e  w h o le ly  d e p le te d  i n s u la t i n g  
r e g io n .
2 .4 .5  R e s is ta n c e  Mode DLTS (RDLTS)
A te c h n iq u e  f o r  o b s e rv in g  t r a p p in g  le v e ls  i n  s h o r t  g a te  GaAs 
MESFETs was f i r s t  d e s c r ib e d  by A d le r s t e in  [ 2 9 ] .  T h is  in v o lv e s  
p a s s in g  a s m a ll  c o n s ta n t  c u r r e n t  be tw een  s o u rc e  and d r a in  and 
m o n ito r in g  s o u rc e  d r a in  v o lt a g e  fo l lo w in g  th e  a p p l ic a t io n  o f  a 
re d u c e d  v o lt a g e  p u ls e  to  th e  re v e rs e  b ia s e d  S c h o t tk y  g a te  
( f i g  2 . 4 . 7 ) .  The v o lt a g e  t r a n s ie n t  a r is e s  fro m  th e  f i l l i n g  o f  
t r a p s  i n  th e  d e p le te d  g a te  r e g io n  and t h e i r  su b se q u e n t e m p ty in g  
a f f e c t i n g  th e  s o u r c e - d r a in  r e s is ta n c e .  C o n v e n t io n a l DLTS th e o ry  
i s  used  to  deduce th e  a c t i v a t i o n  e n e rg y  o f  th e  t r a p s  fro m  th e  
th e rm a l e m is s io n  r a t e .
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Fig 2.4*7 The Principle of RDLTS in FET structures
(a) Gate Voltage Pulsing 
(bj Drain-Source Voltage Transients 
(c) Depletion Region Behaviour
F ig  2 .4 * 8  The E x p e r im e n ta l S e t-u p  f o r  M e a s u r in g  C u r re n t  T r a n s ie n ts
(OTCS) b e tw e e n  ohm ic  c o n ta c ts  on h ig h  r e s i s t i v i t y  M a te r ia ls
t r a n s ie n t  by c o n s id e r in g  th e  s o u r c e - d r a in  r e s is ta n c e  f o r  an
a p p lie d  r e v e rs e  b ia s  such  t h a t  th e  d e p le t io n  w id th  i s  x  .
R
R , ( x _ )  = ~  =  ^ 77-    2 .4 .8ds R aA aXR Wx
w here  L i s  th e  le n g th  o f  th e  g a te ,  w th e  w id t h ,  A th e  a re a  and 
x ,  th e  d e p th  o f  u n d e p le te d  m a te r ia l  re m a in in g .  The change in
s o u rc e  d r a in  v o l t a g e  caused  by  th e  t r a p  f i l l i n g  f o r  a c o n s ta n t
I ds can be e x p re s s e d  as
R
A V , « I ,  - AR ( x 0 ) = I ,  Ax   2 .4 .9ds as R ds x
From eqns 2 .4 . 8  and 2 .4 .9  and s u b s t i t u t i n g  crXR = q p
Ax _ AVds  L 0 a in
XR Vds ' Rd s ( V  W ( V  qW XR W
T he  t r a p  c o n c e n t r a t i o n  c a n  b e  d e t e r m i n e d  f r o m  t h e  v o l t a g e
From c o n s id e r a t io n  o f  th e  c a p a c ita n c e  case  in  w h ic h
N
AC = Ax = 1 _T 
CR “  XR "  2 ND
(e q n  2 .3 .1 7 )
2L A Vd s (0 )
i t  i s  deduced t h a t  N ( x  ) ~  s—7—— —v—
T R Rd s U R) y ( x R)qWxR Vd s (oo)
  2 .4 .1 1
w here  A Vdg (0 )  i s  th e  m a g n itu d e  o f  th e  v o lt a g e  t r a n s ie n t  a t  th e  
end o f  th e  v o l t a g e  p u ls e  ( t  = 0 ) and V jg (°°) i s  th e  s te a d y  s ta te  
s o u rc e  d r a in  v o l t a g e  ( t  = ° ° ) . By c o m p a ris o n  w i t h  eqn 2 .3 .1 9  t h i s  
may be r e la t e d  to  th e  DLTS s ig n a l  maximum a c c o u n t in g  f o r  th e  
in c o m p le te  c o n t r ib u t io n  fro m  a l l  th e  t r a p p in g  le v e ls .
________ L_______  S(V max) .
Rd s ( x R) , i ( x R)qW Vds
C o n v e n t io n a l DLT£[ may a ls o  be c a r r ie d  o u t on FET s t r u c t u r e s  u s in g  
th e  d r a in - s o u r c e  c o n ta c ts  s h o r te d  to g e th e r  as th e  ohm ic b a ck  
c o n ta c t  f o r  th e  g a te .  T h e re  a re ,  h o w e v e r, s e v e r a l  p ro b le m s  
a s s o c ia te d  w i t h  t h i s .  The low  c a p a c ita n c e  o f  m ic ro w a ve  FETs 
( t y p i c a l l y  0 .5  pF) n e c e s s ita te s  th e  use o f  v e ry  s e n s i t i v e  
c a p a c ita n c e  m easurem ents  s in c e  th e  DLTS peak h e ig h t ,  f o r  a g iv e n  
t r a p  and c a r r i e r  c o n c e n t r a t io n ,  i s  p r o p o r t io n a l  to  th e  re v e rs e  
b ia s  c a p a c ita n c e .  T h is  p ro b le m  can be overcom e by  th e  use o f  
s p e c ia l  lo n g  g a te  JUMBO FET s t r u c t u r e s  f a b r ic a te d  on th e  same s l i c e  
as th e  m ic ro w a ve  FETs. A f u r t h e r  p ro b le m  i s  t h a t  o f  s e r ie s  
r e s is ta n c e  a f f e c t i n g  th e  c a p a c ita n c e  m easurem ent as th e  d e p le t io n  
r e g io n  a p p ro a ch e s  th e  s e m i- in s u la t in g  b u f f e r  o r  s u b s t r a t e .  T h is  
p ro b le m  i s  a ls o  im p o r ta n t  i n  C-V p r o f i l i n g  o f  FET la y e rs  and has 
been  t r e a te d  i n  d e t a i l  b y  W ile y  and M i l l e r  [ 3 0 ] .  R e s is ta n c e  mode 
DLTS overcom es th e s e  p ro b le m s  and has r e c e n t ly  been  shown to  be 
u s e fu l  f o r  i n v e s t i g a t i n g  m in o r i t y  c a r r i e r  t r a p s  a t  th e  i n t e r f a c e  
o f  th e  a c t iv e  la y e r  w i t h  th e  s e m i - in s u la t in g  s u b s t r a te  [ 3 l ]  .
2 .4 .6  O p t ic a l  T r a n s ie n t  C u r re n t  S p e c tro s c o p y  (OTCS) i n  H ig h  
R e s i s t i v i t y  M a te r ia ls
C o n v e n t io n a l DLTS c a n n o t be used  on h ig h  r e s i s t i v i t y  m a te r ia ls
s in c e  th e  d e p le t io n  r e g io n  e x is t s  th ro u g h o u t  th e  m a t e r ia l  and
c a n n o t be m o d u la te d  b y  th e  a p p l i c a t io n  o f  re d u c e d  b ia s  p u ls e s .  A
m ethod w h ic h  overcom es t h i s  p ro b le m  u s in g  o p t i c a l  s t im u la t io n  has
been r e p o r te d  b y  H u r te s  e t  a l  [32 ] . T h is  in v o lv e s  i l l u m in a t io n
w i th  g r e a te r  th a n  band gap l i g h t  to  c re a te  h o le  e le c t r o n  p a i r s
b e tw e en  tw o e v a p o ra te d  ohm ic  c o n ta c ts  ( f i g  2 . 4 . 8 ) .  The g e n e ra te d
c a r r ie r s  u n d e rg o  t r a p p in g  and th e  s u b s e q u e n t d e t r a p p in g  a f t e r
re m o v a l o f  th e  l i g h t  p u ls e  g iv e s  r i s e  to  a t r a n s ie n t  c u r r e n t  
be tw e en  th e  c o n ta c t s .
The t r a p  o ccu p a n cy  im m e d ia te ly  a f t e r  re m o v a l o f  th e  e le c t r o n -  
h o le  g e n e r a t io n  can be re p re s e n te d  by
w he re  n  and p a re  th e  c a r r i e r  d e n s i t ie s  in je c t e d  d u r in g  i l l u m in a t i o n .  
A t t im e  t  = 00 t h i s  s im p l i f i e s  to
s in c e  th e  f r e e  c a r r i e r  d e n s i t ie s  a re  e f f e c t i v e l y  z e ro . By 
a n a lo g y  w i t h  th e  DLTCS case ( s e c t io n  2 . 4 . 4 ) .
By s u b s t i t u t i n g  eqns 2 .4 .1 3  and 2 .4 .1 4  i n t o  2 .4 .5  ( a f t e r  th e  
s im p l i f y in g  a s s u m p tio n  t h a t  th e  e m is s io n  te rm s  a re  s m a ll  i n  eqn 
2 .4 .1 3  i n  th e  case o f  h ig h  i n j e c t i o n  s a t u r a t in g  c o n d it io n s  is  
m a d e )th e  c u r r e n t  due to  th e  e m p ty in g  o f  an e le c t r o n  t r a p  can be 
g iv e n  as
A s im i l a r  e x p re s s io n  h o ld s  f o r  h o le  t r a p s .  As i n  DLTCS th e  
c u r r e n t  peaks when th e  s a m p lin g  t im e  t ,  e q u a ls  th e  in v e rs e  o f  th e  
t r a p  e m is s io n  r a t e .  I t  i s  m ore c o n v e n ie n t to  use a d o u b le  g a te
la r g e  d a rk  c u r r e n t  a t  h ig h  te m p e ra tu re s  w h ic h  w o u ld  g iv e  r i s e  to  
a b a s e l in e  o f f s e t  i n  th e  OTCS s p e c tru m . T ra p  c o n c e n t r a t io n s  a re
N (a n<V >  + e ) T n n  p
  2 .4 .1 3
  2 .4 .1 4
l ( t )  = ( e _e ) ( n ^ ( o ) -  N ^ 03) )  exp - ( e  +e ) t
2 n p T  T r n p
  2 .4 .1 5
  2 .4 .1 6
te c h n iq u e  w i t h  t ^  t ^  i n  t h i s  case s in c e  th e re  i s  u s u a l ly  a
d i f f i c u l t  t o  q u a n t i f y  s in c e  AW is  r e la t e d  to  th e  a b s o rp t io n  
c o e f f i c i e n t  o f  th e  l i g h t 1 and th e  d i f f u s i o n  le n g th  o f  th e  in je c t e d  
c a r r i e r s .  As i n  DLTCS b o th  m a jo r i t y  and m in o r i t y  c a r r i e r  peaks a re  
o f  th e  same s ig n  b u t  in  t h i s  case  i t  i s  n o t  p o s s ib le  to  v a ry  th e  
i n j e c t i o n  c o n d i t io n s  to  d i f f e r e n t i a t e  b e tw e en  them .
2 .4 .7  S c a n n in g  DLTS (SDLTS)
T h is  v a r i a t i o n  on th e  b a s ic  te c h n iq u e  g iv e s  th e  a d va n ta g e  o f  
s p a t i a l  p r o f i l i n g  o f  a deep le v e l  i n  th e  p la n e  o f  th e  ju n c t io n .
Petroff and Lang [33] have implemented it using a scanning 
transmission electron microscope (STEM). The pulsed electron 
beam is used to fill levels in only a very small volume of the 
sample. This means a loss in sensitivity over conventional DLTS 
given by the ratio of the area of excitation to the sample area.
T h is  d is a d v a n ta g e  can be p a r t l y  o f f s e t  by m e a s u r in g  c u r r e n t  
t r a n s ie n t s  a t  v e r y  f a s t  r a t e  w indow s ( lO ^ s  *"). - Sah [3 4 ]  has 
shown t h a t  th e  s e n s i t i v i t y  o f  th e  c u r r e n t  mode i s  p r o p o r t io n a l  
to  th e  th e rm a l e m is s io n  r a t e  w h i le  th e  c a p a c ita n c e  mode i s  
in d e p e n d e n t o f  r a t e .
The p r i n c i p l e  o f  th e  m easurem ent i s  s im p le  b u t  i t s  e x p e r im e n ta l 
r e a l i s a t i o n  i s  c o m p lic a te d  by th e  f a c t  t h a t  a v a r ia b le  te m p e ra tu re  
s ta g e  in s id e  th e  STEM i s  r e q u i r e d .  P e t r o f f  and L a n g 's  s y s te m  has 
a ra n g e  fro m  room  te m p e ra tu re  to  570K. The absence  o f 'a  lo w  
te m p e r a tu r e ; c a p a b i l i t y  i s  o f f s e t  by th e  use o f  v e ry  f a s t  e m is s io n  
r a te  w in d o w s . C o n v e n t io n a l im a g in g  modes in  th e  STEM such as e le c t r o n  
beam in d u c e d  c u r r e n t  (E B IC ) may be used  i n  c o n ju n c t io n  w i t h  SDLTS 
to  show d i s t r i b u t i o n s  o f  d e fe c ts .
A v a r i a t io n  o f  SDLTS uses a la s e r  beam i n  p la c e  o f  th e  
e le c t r o n  beam [35 ] . T h is  e l im in a te s  th e  c o m p le x i t ie s  o f  u s in  
th e  STEM a lth o u g h  a s o p h is t ic a te d  o p t i c a l  s c a n n in g  s y s te m  is  
r e q u ir e d .
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2 .5  C om parison  o f  DLTS w i t h  O th e r  M ethods o f  I n v e s t ig a t in g  Deep 
L e v e ls
2 .5 .1  Deep L e v e l I m p u r i t y  C h a r a c te r is a t io n  b y  O th e r  M ethods 
A la r g e  num ber o f  m ethods a re  a v a i la b le  f o r  s tu d y in g  d e fe c ts  
i n  s e m ic o n d u c to r  m a te r ia ls  and a c o m p le te  s u rv e y  is  beyond  th e  
scope o f  t h i s  w o rk . A s u rv e y  o f  th o s e  te c h n iq u e s  w h ic h  h ave  le d  
to  th e  d e v e lo p m e n t o f  and a re  more c lo s e ly  r e la t e d  to  DLTS w i l l  
be p re s e n te d .  The r e l a t i v e  a d va n ta g e s  and d is a d v a n ta g e s  o f  
i n d i v id u a l  m ethods w i l l  be d is c u s s e d .
M ost e a r ly  q u a n t i t a t i v e  d a ta  on deep le v e ls  was d e r iv e d  fro m  th e  
te m p e ra tu re  dependence o f  th e  H a l l  e f f e c t  [3 6 ] . L a rg e  
c o n c e n t r a t io n s  o f  deep le v e ls  need to  be p re s e n t  f o r  d e te c t io n  b y . 
t h i s  te c h n iq u e  s in c e  i t  r e l i e s  on o b s e rv in g  changes i n  c a r r i e r  
c o n c e n t r a t io n  as le v e ls  change t h e i r  s ta t e  o f  i o n i z a t i o n .  The 
e n e rg ie s  d e te rm in e d  fro m  th e  d a ta  a re  o f t e n  u n c e r ta in  b y  te n s  o f  
mV and th e  m easurem ents  a re  t im e  co nsu m in g . The r e la t e d  te c h n iq u e s  
o f  c o n d u c t i v i t y ,  p h o to - H a l l  e f f e c t  and p h o to c o n d u c t iv i t y  a re  
a ls o  v e ry  u s e fu l  i n  y i e l d in g  deep l e v e l  p a ra m e te rs  b u t  a g a in  o f t e n  
in v o lv e  co m p le x  m easurem ents and a n a ly s is  and so a re  n o t  i d e a l l y  
s u i t e d  as r a p id  r o u t in e  a ssessm en t te c h n iq u e s .
L um inescence  [36 ] i s  a s p e c t r o s c o p ic  te c h n iq u e  f o r  o b s e rv in g  
r a d ia t i v e  re c o m b in a t io n  c e n t r e s .  T he re  a re  s e v e r a l  v a r ia t io n s  on 
th e  b a s ic  te c h n iq u e  e n a b l in g  th e  c e n tre s  to  be f i l l e d  u s in g  
e l e c t r i c a l  c o n ta c ts  ( e le c t r o lu m in e s c e n c e ) ,  an e le c t r o n  beam 
( c a th o d o lu m in e s c e n c e )  o r  o p t i c a l l y  (p h o to lu m in e s c e n c e ) .  The 
lu m in e s c e n t o u tp u t ^ is  m o n ito re d  as a f u n c t io n  o f  w a v e le n g th  a t  
a s p e c i f i c  ( u s u a l ly  lo w )  te m p e ra tu re  o r  as a f u n c t io n  o f  
te m p e ra tu re  i n  th e  case o f  th e rm o lu m in e s c e n c e . Peaks i n  .the
s p e c t r a l  o u tp u t  can  be r e la t e d  to  e n e rg y  t r a n s i t i o n s .  T h is  m ethod  
i s  e s p e c ia l ly  s u i t e d  to  s h a l lo w e r  le v e ls  w h ic h  te n d  to  be 
r a d ia t i v e .  I t  i s  co m p le m e n ta ry  i n  many senses to  DLTS w h ic h  i s  
s e n s i t i v e  to  d e e p e r n o n - r a d ia t iv e  l e v e l s .
technique
The T h e rm a lly  s t im u la te d  c u r re n t^ (T S C )  [2 8 ,3 6 ] i s  a p o p u la r  means o f
a n a ly s in g  t r a p s  i n  in s u la t o r s .  I t  i s  s im i l a r  to  th e rm o lu m in e s c e n c e  
i n  t h a t  t r a p p in g  le v e ls  a re  f i l l e d  e l e c t r i c a l l y  o r  o p t i c a l l y  a t  
lo w  te m p e ra tu re s  and th e  te m p e ra tu re  r a is e d  a t  a s p e c i f i c  r a t e .
I n  t h i s  case th e  c u r r e n t  f lo w in g  due to  d e t r a p p in g  i s  m o n ito re d .
The te m p e ra tu re  a t  w h ic h  th e  c u r r e n t  peak a pp ea rs  depends on th e  
h e a t in g  r a te  used  w h i le  th e  a c t i v a t i o n  e n e rg y  depends on w h ic h  
o f  th e  many m od e ls  i s  used  to  a n a ly s e  th e  p e a k . L a rg e  le a k a g e  
c u r r e n ts  a t  h ig h  te m p e ra tu re s  te n d  to  swamp th e r m a l ly  s t im u la te d  
c u r r e n ts  i n  s e m ic o n d u c to rs  and hence d e e p e r le v e ls  c a n n o t be e a s i l y  
o b s e rv e d .
T h e rm a lly  s t im u la t e d  c a p a c ita n c e  (TSCAP) [2 8 ] i s  s im i l a r  to  TSC 
e x c e p t t h a t  i t  i s  th e  c a p a c ita n c e  o f  a z e ro  o r  re v e rs e  b ia s e d  
d io d e  t h a t  i s  m o n ito re d  as a f u n c t io n  o f  te m p e ra tu re  a f t e r  t r a p  
f i l l i n g  a t  a lo w  te m p e ra tu re .  A s te p  i n  c a p a c ita n c e  i s  o b s e rv e d  
when th e rm a l e m is s io n  o f  th e  tra p p e d  c a r r i e r s  ta k e s  p la c e .  The 
s te p  d i r e c t io n  r e v e a ls  w h e th e r  m a jo r i t y  c a r r i e r s  ( p o s i t i v e  s te p )  
o r  m in o r i t y  c a r r ie r s  ( n e g a t iv e  s te p )  a re  b e in g  o b s e rv e d . T h is  i s  
an im p ro ve m e n t o v e r  TSC w h ic h  c a n n o t d is t in g u is h  c a r r i e r  ty p e .
The le a k a g e  p ro b le m  i s  a ls o  g r e a t ly  re d u c e d . T he re  i s  s t i l l  th e  
same in h e r e n t  p ro b le m  o f  th e  r e s u l t s  d e p e n d in g  on th e  h e a t in g  
r a t e  h o w e v e r.
A d m it ta n c e  S p e c tro s c o p y  [3 7 ,3 8 ]  overcom es s e v e r a l o f  th e  
d is a d v a n ta g e s  o f  TSC and TSCAP. I t  i s  a s te a d y  s t a t e  m ethod 
r a t h e r  th a n  a " o n e - o f f "  m ethod i n  w h ic h  th e  sam p le  has to  be
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r e c y c le d  i n  te m p e ra tu re  b e fo re  th e  m easurem ent can be re p e a te d .
I t  i s  a ls o  in d e p e n d e n t o f  th e  te m p e ra tu re  sca n  r a te  and 
d i r e c t io n .  The ac im pedance  o f  a re v e rs e  b ia s e d  d io d e  
i s  m o n ito re d  u s in g  an r f  b r id g e . .  The s m a ll s ig n a l  ac v o lt a g e  fro m  . 
th e  b r id g e  causes th e  d e p le t io n  r e g io n  to  c o n t r a c t  and expand  
a l t e r n a t e ly  a l lo w in g  f i l l i n g  and e m p ty in g  o f  t r a p p in g  l e v e l s .
The re le a s e d  c h a rg e  c o n t r ib u te s  a r e a l  com ponent to  th e  im a g in a ry  
d is p la c e m e n t c u r r e n t .  T h is  w i l l  peak as th e  sam p le  i s  scanned  
i n  te m p e ra tu re  when th e  e m is s io n  r a te  o f  th e  t r a p  and th e  m ea su re ­
m ent f re q u e n c y  a re  e q u a l.  M easurem ents a t  tw o o r  more f r e q u e n c ie s  
g iv e  th e  t r a p  a c t i v a t i o n  e n e rg y . I t s  m a in  d is a d v a n ta g e  i s  t h a t ,  
u n l ik e  m os t o th e r  c a p a c ita n c e  te c h n iq u e s ,  o n ly  m a jo r i t y  c a r r i e r  
t r a p s  can be d e te c te d  and i t s  s e n s i t i v i t y  d e c re a s e s  f o r  d e e p e r 
le v e ls  due to  in c r e a s in g  dc c o n d u c ta n c e  a t  h ig h e r  te m p e ra tu re s .
P h o to c a p a c ita n c e  te c h n iq u e s  [2 8 ] in v o lv e  t r a p  f i l l i n g  by  o p t i c a l  
o r  e l e c t r i c a l  means a t  lo w  te m p e ra tu re s  b u t  u n l i k e  th e  th e r m a l ly  
s t im u la te d  te c h n iq u e s  a re  th e n  m a in ta in e d  a t  a lo w  te m p e ra tu re  
to  p re v e n t  th e rm a l r e le a s e  fro m  t r a p p in g  le v e ls .  A m o n o c h ro m a tic  
l i g h t  s o u rc e  w i t h  h  v  ^  Eg i s  used to  i l lu m in a t e  th e  sam p le  and 
changes i n  c a p a c ita n c e  n o te d  as th e  w a v e le n g th  i s  s lo w ly  in c re a s e d .  
The changes a re  due t o  o p t i c a l l y  s t im u la te d  t r a n s i t i o n s  o c c u r r in g  
a t  th e  t r a p p in g  le v e ls  when th e  a p p r o p r ia te  w a v e le n g th  i s  re a c h e d . 
The m ethod  i s  s e n s i t i v e  t o  b o th  m a jo r i t y  and m in o r i t y  c a r r i e r  
t r a p p in g  le v e ls  i n  th e  same way as TSCAP. I t s  m a in  d is a d v a n ta g e , 
fro m  th e  p o in t  o f  v ie w  o f  a r o u t in e  assessm en t te c h n iq u e ,  i s  t h a t  
th e  scan  r a t e  has to  be v e r y  s lo w  s in c e  o p t i c a l  c r o s s - s e c t io n s  o f  
t r a p s  a re  n o t  u s u a l ly  la r g e  and w id e  band l i g h t  s o u rc e s  a re  n o t  
v e ry  in te n s e .  The t im e  c o n s ta n t  a s s o c ia te d  w i t h  th e  c a p a c ita n c e  
change i s  r e la t e d  to  th e  o p t i c a l  e m is s io n  and so d i r e c t  in f o r m a t io n  
on o p t i c a l  p a ra m e te rs  i s  g iv e n  and th e  o p t i c a l  i o n i z a t i o n  e n e rg y
can be d e te rm in e d . T h is  i s  n o t  n e c e s s a r i ly  th e  same as th e  th e rm a l 
a c t i v a t i o n  e n e rg y  and c a re  s h o u ld  be ta k e n  i n  c o m p a rin g  r e s u l t s .
Care m ust a ls o  be ta k e n  s in c e  a t  h ig h e r  f r e q u e n c ie s  (h  v >  Eg-AE) 
i t  i s  p o s s ib le  to  r e f i l l  a t r a p  le v e l  t h a t  has p r e v io u s ly  been 
e m p tie d . Above t h i s  f re q u e n c y  th e  o ccup an cy  i s  d e te rm in e d  by 
th e  c o m p e tin g  f i l l i n g  and e m p ty in g  r a te s .
D ou b le  s o u rc e  d i f f e r e n t i a t e d  P h o to c a p a c ita n c e  (DSDP) [3 9 ] i s  a 
s te a d y  s t a t e  v e r s io n  o f  th e  b a s ic  p h o to c a p a c ita n c e  te c h n iq u e .
A c o n t in u o u s  p r im in g  l i g h t  s o u rc e  o f  e n e rg y  j u s t  b e lo w  band gap g iv e s  
each t r a p p in g  le v e l  a s te a d y  s ta te  o c c u p a n c y . A second  p ro b in g  
l i g h t  s o u rc e  is  th e n  used  as i n  c o n v e n t io n a l p h o to c a p a c ita n c e  
to  a l t e r  th e  t r a p  o ccu p a n cy  b y  p h o to io n iz a t io n .  The r e s u l t i n g  
c a p a c ita n c e  v a r i a t i o n  i s  d i f f e r e n t i a t e d  w i t h  r e s p e c t  to  e n e rg y  
o r  t im e  to  g iv e  b e t t e r  r e s o lu t io n .  The r e s u l t i n g  peaks a re  
p lo t t e d  as a f u n c t io n  o f  e n e rg y . The re s p o n s e  o f  t h i s  te c h n iq u e  
i s  f a s t e r  th a n  th e  s t r a ig h t f o r w a r d  p h o to c a p a c ita n c e  m ethod s in c e  th e  
n e t  change i n  t r a p  o ccu p a n cy  caused  by  th e  p ro b in g  l i g h t  . is  n o t  as 
g r e a t  as when th e r e  i s  no p r im in g  s o u rc e . C o n s e q u e n tly  th e  
s e n s i t i v i t y  i s  l im i t e d  by th e  i n t e n s i t y  o f  th e  p r im in g  l i g h t  
and i s  t r a d e d  o f f  f o r  sp ee d . I n t e r p r e t a t i o n  o f  r e s u l t s  i s  more 
c o m p lic a te d  w i t h  DSDP s in c e  th e  o ccup an cy  changes o f  t r a p p in g  
le v e ls  a re  n o t  fro m  f u l l  t o  em pty and a re  d e p e n d e n t on th e  
i n t e n s i t y  and w a v e le n g th  o f  th e  p r im in g  s o u rc e .
The use o f  c a p a c ita n c e  t r a n s ie n t s  f o r  d e te r m in a t io n  o f  t r a p p in g  
p a ra m e te rs  has been d is c u s s e d  in  s e c t io n  2 .3 .2  and fo rm s  th e  
b a s is  o f  DLTS. I t  has been  used i n  many in v e s t ig a t io n s  [1 1 ,1 2 ,2 8 ]  
b u t  in v o lv e s  th e  a n a ly s is  o f  i n d i v id u a l  t r a n s ie n t s  a t  d i f f e r e n t  
re v e rs e  b ia s e s  and te m p e ra tu re s  and i s  a p o in t  by  p o in t  r a t h e r  
th a n  a s p e c t r o s c o p ic  te c h n iq u e .
DLTS i s  based  on th e  same p h y s ic a l  p r i n c i p l e  as TSCAP b u t  i s  a 
m u l t i - s h o t  s a m p lin g  te c h n iq u e  w h ic h  p ro d u c e s  a more s e n s i t i v e  
s p e c tru m  o f  t r a p p in g . . le v e ls . The t r a p  p o p u la t io n  
is  r e p e t i t i v e l y  f i l l e d  and e m p tie d  w i t h o u t  th e  need to  r e t u r n  to  
low  te m p e ra tu re s .  The s p e c tru m  o f  t r a p p in g  le v e ls  p ro d u c e d  i s  
in d e p e n d e n t o f  th e  h e a t in g  d i r e c t io n  o r  r a t e .  The same t r a p  
p a ra m e te rs  can be d e r iv e d  as fro m  TSCAP b u t  u s in g  a much s im p le r  
a n a ly s is .  Lang [10 ] has a n a ly s e d  th e  same sam p les u s in g  DLTS 
and TSCAP. F o u r  t r a p p in g  le v e ls  w ere  d e te c te d  by  DLTS w he reas 
TSCAP had  i n s u f f i c i e n t  s e n s i t i v i t y  to  d e te c t  more th a n  one l e v e l .  
The r a p id  r e p e t i t i o n  r a t e  o f  DLTS a llo w s  th e  use o f  l o c k - i n  
a m p l i f i c a t io n  and s ig n a l  a v e ra g in g  to  g iv e  a g r e a t l y  im p ro ve d  
s ig n a l  t o  n o is e  r a t i o .  I d e n t i c a l  scan  r a te s  and f i l t e r  t im e  
c o n s ta n ts  w i l l  le a d  to  a much more s e n s i t i v e  DLTS s p e c tru m  th a n  
TSCAP p lo t .
The h ig h  e m is s io n  r a t e  w indow  t h a t  can be s e t  w i t h  DLTS a llo w s  
s h a l lo w e r  t r a p p in g  le v e ls  to  be d e te c te d .  T ra p p in g  le v e ls  as 
s h a l lo w  as 0 .0 8  eV h ave  been  o b s e rv e d  w hereas TSCAP l i m i t s  one 
to  a ro u n d  0 .2  eV. I t  m ust be a d m it te d  t h a t  "Edge R e g io n  TSCAP"
[4 0] can r e s o lv e  le v e ls  as s h a llo w  as 0 .0 6  eV. T h is  te c h n iq u e  
in v o lv e s  s a m p lin g  o n ly  th e  e m is s io n  o f  c a r r i e r s  fro m  t h a t  p a r t  
o f  th e  d e p le t io n  r e g io n  w he re  th e  t r a p p in g  le v e l  i s  b e lo w  th e  
F e r m i- le v e l  ( th e  "e d g e " o f  th e  d e p le t io n  r e g io n ) .  Thus th e  
im p ro v e d  e n e rg y  d e p th  s e n s i t i v i t y  i s  g a in e d  a t  th e  expense 
o f  t r a p  c o n c e n t r a t io n  s e n s i t i v i t y  ( re d u c e d  by  th e  r a t i o  o f  th e  
edge w id th  to  th e  d e p le t io n  w id t h ) .
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2 . 5 . 2  C o m p a r i s o n s  w i t h  DLTS
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DLTS can be seen  to  h ave  a num ber o f  a d va n ta g e s  o v e r  th e  n e a re s t  
c o m p a ra b le  te c h n iq u e .  I t s  sp e e d , s e n s i t i v i t y  and th e  
v e r s a t i l i t y ,  as shown by  th e  num ber o f  v a r i a t io n s  on th e  
b a s ic  te c h n iq u e ,  make i t  e m in e n t ly  s u i t a b le  as a r o u t in e  
assessm en t m ethod  f o r  " f i n g e r - p r i n t i n g "  deep le v e ls  in  d e v ic e  
m a te r ia ls .  T h is  i s  n o t  to  say  t h a t  i t  i s  th e  suprem e te c h n iq u e  
i n  a l l  w ays . C le a r ly  p h o to c a p a c ita n c e  and DSDP a re  more am enable 
to  o p t i c a l  p a ra m e te r  d e te r m in a t io n  w h ic h  can be im p o r ta n t  when 
o p t i c a l  d e v ic e s  a re  c o n s id e re d .  DSDP has been  shown [3 9 ] to  be 
much m ore s e n s i t i v e  to  Cr i n  GaAs th a n  DLTS w h i l s t  th e  re v e rs e  
i s  t r u e  f o r  th e  "o x y g e n  r e la t e d "  A c e n t r e  i n  GaAs. T h is  
e m phas ises  th e  c o m p le m e n ta ry  n a tu re  o f  th e  te c h n iq u e s .
2 .5 .3  L im i t a t io n s  o f  DLTS
The b a s ic  DLTS te c h n iq u e  i s  l im i t e d  to  th o s e  s e m ic o n d u c to rs
w h ic h  can  be p r o f i l e d  u s in g  C-V m ethods s in c e  b o th  r e l y  on th e
m o d u la t io n  o f  a v a r ia b le  re v e rs e  b ia s  a p p l ie d  to  a p -n  o r  
S c h o t tk y  b a r r i e r  j u n c t io n .  V a r ia n ts  on th e  b a s ic  te c h n iq u e  have  
le d  to  i t s  e x te n s io n  t o  a w id e r  ra n g e  o f  m a te r ia ls  b u t  e x t r a c t io n  
o f  q u a n t i t a t i v e  p a ra m e te rs  fro m  th e s e  te c h n iq u e s  i s  n o t  a lw a ys  
s t r a ig h t f o r w a r d  o r  even  p o s s ib le .
The s e n s i t i v i t y  o f  th e  m easurem ent i n  d e te c t in g  a t r a p p in g  le v e l
i s  d e p e n d e n t on th e  b a c k g ro u n d  d o p in g  l e v e l  and i s  t y p i c a l l y
-4  . . 14 -310 N ^. The a b i l i t y  to  d e te c t  a le v e l  o f  sa y  10 cm t r a p s
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i n  10 cm doped m a t e r ia l  i s  much m ore d i f f i c u l t  th a n  i n  10
-3cm m a t e r ia l  f o r  e x a m p le . A n o th e r  p ro b le m  w i th  h ig h ly  doped 
m a t e r ia l  i s  th e  p re s e n c e  o f  la r g e  e l e c t r i c  f i e l d s  i n  th e  d e p le t io n  
r e g io n  w h ic h  can g iv e  r i s e  to  enhanced e m is s io n  fro m  t r a p s  due to  
t u n n e l l i n g  and P o o le -F re n k e l ty p e  p ro c e s s e s  [4 'l ]  and n o n ­
e x p o n e n t ia l  t r a n s ie n t s .  T h is  g iv e s  r i s e  to  s h i f t s  i n  peak p o s i t i o n
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These e f f e c t s  can be a n is o t r o p ic ,  le a d in g  to  d i f f e r e n t  s h i f t s  
f o r  d i f f e r e n t  c r y s t a l lo g r a p h ic  d i r e c t io n s  [4 2 ] . T h is  may i n  f a c t  
p ro v e  u s e fu l  i n  g iv in g  in f o r m a t io n  a b o u t th e  m ic ro s c o p ic  s t r u c t u r e  
o f  d e fe c ts .  The p o s s i b i l i t y  o f  such  o c c u rre n c e s  s h o u ld  be n o te d  
when i n t e r p r e t in g  DLTS s p e c t r a .  DDLTS c a n -h e lp  to  re d u c e  th e  
e f f e c t s  o f  such  phenomena by  s e t t i n g  th e  o b s e rv a t io n  w indow  w e l l  
away fro m  b o th  th e  m e ta l-s e m ic o n d u c to r  i n t e r f a c e  and th e  F e rm i
le v e l  c r o s s in g  p o in t .
T he re  i s  a p ro b le m  when e x a m in in g  MOS o r  PIN  ty p e  s t r u c t u r e s  due 
to  t h e i r  i n s e n s i t i v i t y  to  d e t r a p p in g  i n  th e  in s u la t i n g  la y e r .
S tu d ie s  o f  MOS s t r u c t u r e s  [4 3 ,4 4 ] and a ls o  IGFETS [4 5 ] have  p ro v e d  
s u c c e s s fu l ,  h ow eve r m os t o f  th e  le v e ls  d e te c te d  have  been i n  th e  
s e m ic o n d u c to r  b u lk  r a t h e r  th a n  a t  th e  i n t e r f a c e  o r  i n  th e  . in s u la t o r .
C e r ta in  ty p e s  o f  d e fe c t  may n o t  be o b s e rv e d  u s in g  o n ly  one mode 
o f  o p e r a t io n  o f  DLTS. An o b v io u s  exam p le  i s  t h a t  o f  m in o r i t y  
c a r r i e r  t r a p s  w i t h  e l e c t r i c a l  r e f i l l i n g  i n  a S c h o t tk y  b a r r i e r .
Care m ust a ls o  be ta k e n  to  a l lo w  s u f f i c i e n t  t im e  f o r  f i l l i n g  
le v e ls  o th e rw is e  t r a p s  w i t h  s m a ll c a p tu re  c r o s s - s e c t io n s  w i l l  be 
m is s e d . A t  th e  o p p o s ite  e x tre m e , c e r t a in  le v e ls  w i t h  v e ry  la r g e  
m a jo r i t y  c a r r i e r  c ro s s  s e c t io n s  may be m isse d  i f  th e y  a re  
exam ined  o n ly  i n  m a t e r ia l  i n  w h ic h  th e y  a pp ea r as m in o r i t y  c a r r i e r  
t r a p s .  T h is  i s  th e  case  f o r  a w e l l  known e le c t r o n  t r a p  (E3 l e v e l )  
i n  n - ty p e  GaAs w h ic h  i s  u n o b s e rv a b le  i n  p ty p e  GaAs. I t  i s  a 
n o n -s a tu ra b le  re c o m b in a t io n  c e n t r e .
and consequent errors in activation energy determination.
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T h e re  a re  a ls o  p ro b le m s  i n  o b s e rv in g  v e r y  deep t r a p s  u s in g  
DLTS. A t r a p  can  o n ly  be o b s e rv e d  i f  i t  i s  p o s s ib le  to  change i t s  
o c c u p a n c y . T h is  means t h a t  i t  m ust a p p e a r above th e  F e r m i- le v e l  
a t  th e  m e ta l-s e m ic o n d u c to r  in t e r f a c e  u n d e r z e ro  b ia s  c o n d i t io n s .
F o r  e x a m p le , e le c t r o n  t r a p s  much d e e p e r th a n  th e  b a r r i e r  h e ig h t  in  
a S c h o t tk y  d io d e  o n to  n ty p e  m a te r ia l  ( f i g  2 . 2 . 1 )  c a n n o t be  o b s e rv e d . 
T h is  does n o t  mean t h a t  a c t i v a t i o n  e n e rg ie s  g r e a te r  th a n  th e  v a lu e  
o f  th e  b a r r i e r  h e ig h t  c a n n o t be m easured . Once th e  c o r r e c t io n s  
o u t l in e d  i n  s e c t io n  2 .3 .3  have  been  made, h o w e v e r, th e  r e s u l t i n g  
v a lu e  s h o u ld  n o t  be g r e a te r  th a n  th e  S c h o t tk y  b a r r i e r  h e ig h t .  The 
p ro b le m  can be re d u c e d  by  u s in g  p -n  ju n c t io n  s t r u c t u r e s  w h ic h  have  
g r e a te r  b a r r i e r  h e ig h ts .  F u r th e rm o re  th e  o ccup an cy  o f  m id -g a p  le v e ls  
can  be d e p e n d e n t on th e  h o le - q u a s i  F e rm i le v e l  ( s e c t io n  2 .2 . 4 )  and 
th e  s e n s i t i v i t y  o f  DLTS to  d e te c t  them  is  c o n s e q u e n t ly  re d u c e d .
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3 EXPERIMENTAL STUDIES OF DEEP LEVELS IN  GaAs MATERIALS AND DEVICES 
3 .1  E x p e r im e n ta l Im p le m e n ta t io n  o f  DLTS
3 .1 .1  Sam ple P r e p a ra t io n
Sam ples n o t  a lr e a d y  f a b r ic a t e d  in t o  d e v ic e s  m ust have  c o n ta c ts
made to  them . A g o ld -g e rm a n iu m -n ic k e l a l l o y  (A u :G e :N i = 8 5 :1 0 : 5 ) ,
“ 5e v a p o ra te d  o n to  th e  sam p le  u n d e r h ig h  vacuum (< *1 0  T o r r ) ,  and 
a n n e a le d  a t  673K f o r  5 m in u te s  i n  f lo w in g _ h y d ro g e n ,  fo rm s  an - 
ohm ic c o n ta c t .  A c o n ta c t  mask is  used to  d e f in e  an a r r a y  o f
n ic k e l  S c h o t tk y  c o n ta c ts  ( r a n g in g  fro m  75 to  750 ym
d ia m e te r )  w h ic h  a re  e v a p o ra te d  u n d e r h ig h  vacuum 
o n to  th e  a re a  o f  th e  sam p le  to  be e xam in e d . The sam ple  i s  
n o r m a l ly  o u tg a s s e d  a t  3 70 -420K  u n d e r vacuum p r i o r  to  e v a p o r a t io n  
o f  th e  n i c k e l .
The m a t e r ia l  i s  s c r ib e d  i n t o  c h ip s  o f  maximum s iz e  3 mm sq u a re  
p r i o r  to  b o n d in g  o n to  T05 t r a n s i s t o r  h e a d e rs . H ig h  te m p e ra tu re  
s i l v e r  lo a d e d  epoxy r e s in  i s  used  to  bond th e  s u b s t r a te  to  th e
h e a d e r and make th e  ohm ic c o n ta c t  to  one o f  th e  le a d s  i n  th e
•J- f
case o f  n s u b s t r a t e s .  G o ld  w i r e s ,  th e rm o c o m p re s s io n  bonded 
to  th e  h e a d e r p o s ts ,  a re  used  to  make c o n ta c t  to  th e  S c h o t tk y  
and non  s u b s t r a te  ohm ic  c o n ta c ts  ( f i g  3 . 1 . 1 ) .  The g o ld  w ire s  a re  
u s u a l ly  bonded  by  means o f  a s m a ll  amount o f  c o n d u c t in g  epoxy 
r e s in  d e p o s ite d  o n to  th e  c o n ta c t .  The epoxy r e s in  is  c u re d  a t  
390K f o r  one h o u r .  C o n ta c ts  le s s  th a n  250 ym in  d ia m e te r  m ust 
be bonded u s in g  u l t r a s o n ic  o r  th e rm o c o m p re s s io n  te c h n iq u e s  s in c e  
t h e i r  s iz e  p re c lu d e s  a c c u ra te  p la c in g  o f  epoxy o n to  them . These 
m ethods o f  b o n d in g  a re  a ls o  used when th e re  i s  no d a n g e r o f  
th e rm a l e f f e c t s  o r  damage in t r o d u c t io n  i n t o  th e  m a t e r ia l .  A l i d  
i s  p la c e d  on th e  h e a d e r f o r  sam ple  p r o t e c t io n .
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A b lo c k  d ia g ra m  o f  th e  e q u ip m e n t i s  shown i n  F ig  3 .1 . 2 .  The 
v a r ia b le  te m p e ra tu re  c r y o s t a t  i s  d e s ig n e d  to  ta k e  T 0 5 , T 01 8 , STL 
5 mm th re a d e d  la s e r  m ounts and IMPATT d io d e  r f  p a cka g e s . Two 
ty p e s  o f  c r y o s ta t  have  been  u se d . The f i r s t  ty p e  i s  a home d e s ig n  
based  on th e  c o ld - f in g e r  p r i n c i p l e  ( f i g  3 . 1 . 3 ) .  The sam p le  i s  
p la c e d  i n  a re c e s s  i n  th e  c e n tre  o f  th e  c o ld  f i n g e r  and a c o p p e r-  
c o n s ta n t  an th e rm o c o u p le  bonded to  i t .  The sam p le  cham ber i s  
e v a c u a te d  and th e n  f i l l e d  w i t h  d ry  n i t r o g e n  o r  h e liu m  to  p re v e n t  
w a te r  v a p o u r  c o n d e n s in g  and c a u s in g  e l e c t r i c a l  c o n ta c t  p ro b le m s . 
The c o ld  f i n g e r  i s  im m ersed i n  l i q u i d  n i t r o g e n  to  c o o l th e  sam ple  
to  a m in im um  o f  90K and band h e a te rs  used  to  h e a t i t  up to  a ■ 
maximum o f  473K.
The second  c r y o s t a t  i s  a c o m m e rc ia lly  a v a i la b le  O x fo rd  In s tru m e n ts  
DN704HT ( f i g  3 . 1 . 4 ) .  T h is  o p e ra te s  on th e  exchange  gas p r i n c i p l e .  
The sam p le  h o ld e r  i s  s i t u a t e d  i n  th e  c e n t re  o f  th e  exchange  gas 
c e l l  and i s  s u rro u n d e d  by  a g o ld  p la te d  c o p p e r h e a t e x c h a n g e r and 
an o u te r  vacuum  s h ro u d .
The sam p le  i s  m ounted  o n to  an a n o d iz e d  a lu m in iu m  b lo c k  and a 
dummy h e a d e r w i t h  a th e rm o c o u p le  bonded o n to  i t  i s  m ounted  on th e  
same a x is  o f  sym m e try . The sam ple  can be i l lu m in a t e d  th ro u g h  
s a p p h ire  w indow s i n  th e  w a l ls  o f  th e  c r y o s ta t  to  a l lo w  o p t i c a l  
e x c i t a t i o n  e x p e r im e n ts  to  be c a r r ie d  o u t .
The te m p e ra tu re  o f  th e  c r y o s ta t  i s  c o n t r o l le d  by a E u ro th e rm  
te m p e ra tu re  p rogram m er and c o n t r o l l e r .  T h is  e n a b le s  a l i n e a r  
h e a t in g  r a t e  b e tw e en  tw o  s e t  te m p e ra tu re s  t o  be a c h ie v e d . The 
th e rm o c o u p le  o u tp u t  i s  d is p la y e d  on a Comark e le c t r o n ic
3 . 1 . 2  E x p e r i m e n t a l  A p p a r a t u s
Fig 3*1.3 The Cold—Finger Cryostat
(a) (b)
Fig 3*1*4 The DH704HT(a) Cryostai and (b) Sample Holder
th e rm o m e te r. T h is  has a n o u tp u t w h ic h  i s  fe d  d i r e c t l y  to  th e  x  
a x is  o f  an X-Y  r e c o rd e r  to  g iv e  a c a l ib r a t e d  l i n e a r  te m p e ra tu re  
s c a le  f o r  th e  DLTS s p e c tru m .
A B o on to n  72A c a p a c ita n c e  m e te r  i s  used  to  m o n ito r  th e  sam p le  
c a p a c ita n c e .  The re v e rs e  b ia s in g  v o l t a g e  i s  o b ta in e d  fro m  a 
b a t t e r y  s u p p ly  to  e l im in a t e  hum p ro b le m s  a s s o c ia te d  w i t h  m a ins 
s u p p lie s  and c o n n e c te d  to  th e  sam ple  th ro u g h  th e  c a p a c ita n c e  
m e te r .  The p u ls in g  o f  th e  re v e rs e  b ia s  i s  c a r r ie d  o u t d i r e c t l y  
on th e  sam p le  i n  o rd e r  to  a v o id  c i r c u i t  l im i t a t i o n s  on p u ls e  
speed when a p p l ie d  th ro u g h  th e  c a p a c ita n c e  m e te r  (s e e  s e c t io n  
3 . 1 . 3 ) .  T h is  means t h a t  a f u l l y  f l o a t i n g  p u ls e  s u p p ly  has to  
be used  s in c e  n e i t h e r  o f  th e  c a p a c ita n c e  m easurem ent te r m in a ls  
on th e  B o on to n  72A can be e a r th e d .  T h is  i s  a c h ie v e d  by  u s in g  a 
M a lden  738 p u ls e  g e n e ra to r  w i t h  e i t h e r  an o p t o is o la t o r  o r  p u ls e  
t r a n s fo rm e r  ( f i g  3 . 1 . 5 ) .  When fo rw a rd  b ia s  p u ls in g  i s  r e q u ir e d  
a r e la y  c i r c u i t  u s in g  m e rc u ry  w e t te d  re e d s  to  p re v e n t  c o n ta c t  
bounce i s  u t i l i s e d  ( f i g  3 .1 . 5 )  to  d is c o n n e c t  te m p o r a r i ly  th e  
c a p a c ita n c e  m e te r  s in c e  c u r r e n t  f lo w  th ro u g h  i t  g iv e s  r i s e  to  a 
lo n g  re c o v e ry  t im e  (u p to  10 ms) fro m  o v e r lo a d .  The c h a r a c t e r is t ic s  
o f  th e  th re e  p u ls in g  c i r c u i t s  a re  sum m arised  i n  f i g  3 .1 . 6 .  T h is  
shows t h a t  th e  p u ls e  t r a n s fo rm e r  is  b e s t  s u i t e d  to  v e ry  s h o r t  
p u ls e  a p p l i c a t io n  u p to  th e  m inim um  p u ls e  w id th  a p p l ic a b le  u s in g  
th e  o p t o is o la t o r  c i r c u i t  ( ~  2 y S ) . The r e la y  re s p o n s e  t im e  l i m i t s  
fo rw a rd  p u ls in g  to  a m in im um  o f  3 mS b u t  t h i s  i s  n o t  so im p o r ta n t  
s in c e  m in o r i t y  c a r r i e r  t r a p  c a p tu re  c ro s s  s e c t io n s  a re  n o t  u s u a l ly  
d e te rm in e d  by  p u ls e  w id th  v a r i a t io n  ( s e c t io n  2 . 4 . 3 ) .
The c a p a c ita n c e  m e te r  i s  used  i n  a d i f f e r e n t i a l  mode so t h a t  m ost 
o f  th e  sam p le  c a p a c ita n c e  can be backed  o f f  and a s e n s i t i v e  
c a p a c ita n c e  ra n g e  u s e d . The a n a lo g u e  o u tp u t  fro m  th e  m e te r  has 
a maximum o f  3V w he reas  th e  maximum in p u t  to  th e  b o x c a r  i s  100 mV.
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Fig 3*1*5 Reduced Bias Pulsing Circuits
a) Optoisolator
b) Pulse Transformer
c) Reed Relay
Pulse
Width
U S)
. Switch-on 
delay
td 1 (jus)
Rise time 
tr 
(US)
Switch"
off
td2(ttS)
Fall
Time
fcs)
0.5 0.3 0.2 0.5 1.0
100 0.4 0.4 0.5 5.0
Notes: 1. No maximum pulse width but 
minimum possible is 0.5 
2. Pulse Heights up to 40V
(c) *d1
Pulse
Width
Rise 
Time t_
(/iS)
Fall time 
tf
fcs)
50 nS 2
1 f l S 0.3 15
10/*S 0.3 60
Notes: 1. Severe Droop in Pulse Height 
occurs for pulse widths> 1 p  S 
2. Pulse height limited to the
product Vxt « 150 Vfl S
Pulse Switch-on Switch off Fall time
Width delay td1 delay td2 tf
3mS 2mS 3mS ■ 0.5mS
k 3 . t d 2
v —tf
Notes: 1. Minimum pulse width of 3mS
due to the switching character­
istics of the Relay — no 
maximum
  20 The fall time occurs due to the
lag between switching of the two 
poles of the reed relaj7
Fig 3*1.6 A Comparison of Pulsing Circuit Performance
a. Optoisolator - (applied pulse upper and output pulse lower)
b. Pulse transformer fl 51 «
Oo Reed relay *’ Tl «
A b a s e lin e  r e s t o r a t i o n  c i r c u i t  i s  used to  rem ove m ost o f  th e  
dc com ponent ( f i g  3 .1 . 7 )  and a ls o  to  com pensate  f o r  th e  v a r i a t i o n  
o f  th e  s te a d y  s ta te  re v e rs e  b ia s  c a p a c ita n c e  w i t h  te m p e ra tu re .
The d o u b le  b o x c a r  d e te c to r  i s  a P r in c e to n  A p p l ie d  R esearch  
M odel 162 w i t h  tw o  m ode l 164 g a te d  in t e g r a t o r s .  I t  i s  t r ig g e r e d  
on th e  n e g a t iv e  g o in g  s lo p e  o f  th e  b ia s  p u ls e  and th e  s a m p lin g  
tim e s  o f  th e  tw o  g a te s  s e t  r e l a t i v e  t o  t h i s  w i t h  a M a lden  PO 1000F 
F re q u e n c y  c o u n t e r - t im e r . The s a m p lin g  p e r io d  and th e  t im e  c o n s ta n t  
f o r  a v e ra g in g  th e  in p u ts  a re  d e te rm in e d  b y  th e  amount o f  s ig n a l  
to  n o is e  im p ro ve m e n t r e q u ir e d  and th e  te m p e ra tu re  scan  r a te  
( s e c t io n  3 . 1 . 3 ) .  The g a te  o u tp u ts  a re  a m p l i f ie d  by a f a c t o r  o f  
100 and th e  d i f f e r e n c e  is  com puted and f u r t h e r  a ve ra g e d  i n  th e  
m a in fra m e  o f  th e  b o x c a r .  The o u tp u t  i s  fe d  to  th e  Y a x is  o f  th e  
X-Y r e c o r d e r .
3 .1 .3  E x p e r im e n ta l System  C h a r a c te r is t ic s
The ra n g e  o f  t r a p p in g  le v e ls  t h a t  can be  o b s e rv e d  i n  te rm s  o f  
c o n c e n t r a t io n s ,  a c t i v a t i o n  e n e rg ie s  and c a p tu re  c r o s s - s e c t io n s  
is  d e te rm in e d  b y  th e  l i m i t a t i o n s  o f  th e  e q u ip m e n t. The t r a p  
d e te c t io n  l i m i t  i s  i n  th e o ry  d e te rm in e d  b y  th e  c a p a c ita n c e  m e te r  
s e n s i t i v i t y  b u t  i n  p r a c t ic e  is  l im i t e d  by  th e  s ig n a l  re c o v e ry
fro m  th e  b a c k g ro u n d  n o is e  by th e  b o x c a r .  I t  has been  fo u n d  t h a t
. . -4th e  m inim um  d e te c ta b le  t r a p  c o n c e n t r a t io n  i s  10 o f  th e  s h a l lo w
d o p in g  c o n c e n t r a t io n .  The a c t i v a t io n  e n e rg y  and c a p tu re  c ro s s
s e c t io n  ra n g e  i s  l im i t e d  b y  th e  te m p e ra tu re  and e m is s io n  r a te
v a r i a t io n  o f  th e  e q u ip m e n t. The c r y o s ta ts  can o p e ra te  fro m  77
to  500 K w h i le  th e  maximum e m is s io n  r a t e  t h a t  can be s e t  on th e
b o x c a r  i s  r e s t r i c t e d  by  th e  re s p o n s e  t im e  o f  th e  c a p a c ita n c e
m e te r  w h ic h  i s  o f  th e  o rd e r  o f  1 mS. The m inim um  e m is s io n  r a te
7 3
(a)
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Fig 3*1*7 Baseline Restoration
(a) Circuit
(b) Principle of Operation
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i s  d e te rm in e d  b y  th e  le a k a g e  o f  th e  h o ld in g  c a p a c ito r s  i n  th e  
b o x c a r  and scan  r a t e  te m p e ra tu re . F ig  3 .1 .8  shows th e  ra n g e  o f  
t r a p p in g  le v e ls  t h a t  can be d e te c te d .  A c t iv a t io n  e n e rg ie s  in  
th e  ra n g e  0 .1  t o  1 .1  eV a re  o b s e rv a b le  a lth o u g h  th e  e x tre m e s  
a re  d e p e n d e n t on th e  c a p tu re  c ro s s  s e c t io n  o f  th e  p a r t i c u l a r  
l e v e l .
G u ld b e rg  [4 6 ] has a n a ly s e d  th e  e f f e c t  o f  th e  m e te r  re s p o n s e  t im e  
on th e  s e t  e m is s io n  r a t e  w ind ow . T h is  i s  shown i n  ta b le  3 .1 .1  
f o r  th e  s e t  o f  e m is s io n  r a te s  used  i n  th e  in v e s t i g a t i o n .  The 
e f f e c t  i s  o b v io u s ly  g r e a te s t  when t ^  i s  s h o r t e s t .  I n  o rd e r  to  
see th e  e f f e c t  on th e  a c t i v a t i o n  e n e rg y  c a lc u la t io n ,  c o r r e c te d  and 
u n c o r re c te d  v a lu e s  a re  shown f o r  a commonly o c c u r r in g  e le c t r o n  
t r a p  i n  V apou r Phase E p i t a x i a l  (VPE) GaAs i n  f i g  3 .1 . 9 .  L a te r  
r e s u l t s  w i l l  show t h a t  th e s e  c o r r e c t io n s  a re  w i t h i n  th e  e x p e r im e n ta l 
r e p r o d u c i b i l i t y  o f  th e  s y s te m .
T a b le  3 .1 .1  C o r re c te d  E m is s io n  R a te  V a lu e s
Sample
( i
C1
2’ T imes 
nS)
t 2
emax
u n c o r re c te d
( s ' 1 )
emax 
c o r r e c te d  f o r  
m e te r  re s p o n s e  
( s _ 1 )
emax 
c o r r e c te d  f o r
t  = 1 mSg a te
6 1 .1 1 52 .7 10.0 10.0 10.0
3 0 .5 7 6 .4 20.0 20.1 20.0
2 0 .3 5 0 .9 3 0 .0 3 0 .3 3 0 .0
16.0 4 0 .0 3 8 .2 3 8 .6 3 8 .2
11.6 2 8 .8 5 3 .0 5 3 .8 5 3 .0
6.1 1 5 .3 100.0 1 0 3 .0 100.0
4 .0 10.0 1 5 2 .7 1 6 0 .6 1 5 3 .0
3 .5 8.8 1 7 4 .5 1 8 4 .0 1 7 5 .0
3 .0 7 .5 2 0 3 .5 2 1 8 .0 2 0 4 .3
The e f f e c t  o f  f i n i t e  g a te  w id th  on th e  s e t  e m is s io n  r a t e  has 
a lr e a d y  been m e n tio n e d  ( s e c t io n  2 . 3 . 2 ) .  E x a c t c o r r e c t io n s  a re  
sum m arised  i n  ta b le  3 . 1 . 1 .  The d i f f e r e n c e s  be tw e en  th e s e  v a lu e s  
and th o s e  d e te rm in e d  fro m  th e  m id - p o in t  o f  th e  p u ls e  a re  n e g l i g ib le

7 6
1000 
T
Fig 3*1.9 The Effect of the Capacitance Meter Response on Trap Parameters 
(x uncorrected points^® corrected points) Ena uncorr = 0.85eV 
°na uncorr = 6*5 x 1CL Ena corr « 0.88eV
°“na corr « 1 .8 x 10"* cm
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Fig 3*1.10 Carrier Concentration and A centre Trap Profiles for PO grown 
VPE GaAs (S64I)
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f o r  th e  g a te  w id th  t  , o f  1 mS.
C»
The s ig n a l  to  n o is e  im p ro ve m e n t o b ta in e d  a t  th e  o u tp u t  o f  th e
d o u b le  b o x c a r  i s  a com prom ise  be tw een  th e  th e rm a l scan r a t e ,  th e
s a m p lin g  g a te  w id th  and r e p e t i t i o n  r a t e .  The t im e  r e q u ir e d  f o r
s ig n a l  r e c o v e ry  by  th e  b o x c a r  a t  one p o in t  i n  th e  te m p e ra tu re
s p e c tru m  i s  e q u a l to  a m in im um  o f  f i v e  e f f e c t i v e  t im e  c o n s ta n ts
( 5 t  - J) . x , ,  i s  r e la t e d  to  th e  t im e  c o n s ta n t  s e t  on th e  g a te  
e f f  e f f
in p u t  x by th e  p r o p o r t io n  o f  each r e p e t i t i o n  c y c le  t h a t  th e  g a te  
g
i s  open ( i e  th e  d u ty  f a c t o r ) .
‘ T
T f f  = t x  ~    3 . 1 . 1e r r  g t
& g
w he re  T^ i s  th e  r e p e t i t i o n  p e r io d  o f  th e  m e a su re m e n t.
The s ig n a l  to  n o is e  r a t i o  a t  th e  g a te  o u tp u t  i s  p r o p o r t io n a l  to  
th e  sq u a re  r o o t  o f  th e  g a te  t im e  c o n s ta n t  and hence  f o r  a f i x e d  
r e p e t i t i o n  r a t e  and e f f e c t i v e  t im e  c o n s ta n t ,  i t  i s  p r o p o r t io n a l  to  th e  
sq u a re  r o o t  o f  th e  g a te  w id th .  F u r th e r  n o is e  im p ro ve m e n t can 
be o b ta in e d  fro m  th e  b o x c a r  o u tp u t  w i t h o u t  s a c r i f i c i n g  m easurem ent 
t im e  p ro v id e d  t h a t  th e  m a in fra m e  t im e  c o n s ta n t  i s  le s s  th a n  th e  
e f f e c t i v e  t im e  c o n s ta n t  o f  th e  s a m p lin g  g a te .  I n  p r a c t ic e  th e  
t o t a l  s ig n a l  to  n o is e  im p ro ve m e n t o f  a p p ro x im a te ly  250 can be 
o b ta in e d  f o r  a te m p e ra tu re  scan  r a t e  o f  2 d e g re e s  p e r  m in u te  and 
a m in im um  e m is s io n  r a t e  o f  38 s ^ .
The m easurem ent o f  te m p e ra tu re  i s  a c r i t i c a l  p ro c e s s  i n  o b ta in in g  
a c c u ra te  t r a p  p a ra m e te rs .  The r e p r o d u c i b i l i t y  o f  peak p o s i t i o n  
was w i t h i n  IK  f o r  b o th  c r y o s t a t s .  Some e v id e n c e  o f  th e rm a l la g  
was fo u n d  i n  th e  c o ld - f in g e r  c r y o s ta t  when p e r fo rm in g  DLTS ru n s  
f o r  in c r e a s in g  and d e c re a s in g  te m p e ra tu re s . T h is  was p a r t i c u l a r l y  
a c u te  f o r  sam p les m ounted  i n  la s e r  h e a d e rs  and c a re  had to  be 
ta k e n  b y  u s in g  s lo w  te m p e ra tu re  scans i n  th e s e  c a s e s . Exam ples o f
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r e p r o d u c i b i l i t y  fro m  sam p le  t o  sam ple  a re  sum m arised  in  th e  
f o l lo w in g  s e c t io n .
3 .1 .4  An I n v e s t ig a t io n  o f  VPE GaAs
A p r e l im in a r y  in v e s t i g a t i o n  o f  VPE GaAs was c a r r ie d  o u t  i n  o rd e r
to  g a in  some id e a  o f  th e  r e p r o d u c i b i l i t y  o f  r e s u l t s  t h a t  c o u ld  be
o b ta in e d  fro m  th e  s y s te m . T h is  c e n tre d  a ro u n d  th e  commonly
o c c u r r in g  "A "  c e n t r e  [4 7 ] w h ic h  a c ts  as an e le c t r o n  t r a p  i n  n - ty p e
VPE la y e r s .  The r e s u l t s  o b ta in e d  fro m  d i f f e r e n t  s o u rc e s  o f
m a te r ia ls  a re  sum m arised  i n  t a b le  3 . 1 . 2 .  The peak p o s i t i o n  i n  a
g iv e n  sam p le  was r e p r o d u c ib le  to  w i t h in  1 K fro m  ru n  to  ru n  and
a ls o  fro m  sam p le  to  sam p le  fro m  th e  same s l i c e .  No dependence
on s u r fa c e  c le a n  up b e fo re  e v a p o ra t io n  o f  C o n ta c ts  was o b s e rv e d .
Two o f  th e  th r e e  CG54.2 sam p les  w ere  s u b je c te d  to  d e g re a s in g  w i t h
h o t  s o lv e n ts  and d e o x id is in g  w i t h  c o n c e n tra te d  a c id s  b u t  w ere
in d is t in g u is h a b le  fro m  th e  sam p le  w h ic h  r e c e iv e d  no c le a n  u p .
T a b le  3 .1 .2  Summary o f  R e s u lts  f o r  th e  "A "  c e n tr e  i n  v a r io u s  
VPE la y e rs
Sample 
s l i c e  No
Peak
p o s i t i o n
(e = 1 5 3 s - 1 )
(K )
T ra p  
Concen­
t r a t i o n  
( cm” ^ )
C a r r ie r
Concen­
t r a t i o n
(cm - 3)
A c t i -
a t io n
E n e rg y
(eV )
C a p tu re
G ross
S e c t io n
(cm ^)
POCG54.2 38'6 5 . 4 x 1 0 ^
152 .7 x1 0 0.86 9 .8 x lO ~13
POCG54.2 386
13
7 . 6x 10 2 . 8x 1015 0 .8 5 -1 35 .6 x 1 0
POCG54.2 386
13
9 .4 x 1 0 3 . 8 x l0 15 0 .8 5 -1 36 . 0x 10
STL T828 387 2 . 4 x l0 14 2 . 6x 10^ 0 .8 4 -1 33 .3 x 1 0
STL T684 389 1 . 8x l 014 1 . 8x l 0 16 0 . 88
-1 41 . 2x 10
BDH E181 383
132 .9 x 1 0 152 . 0x 10 0.88 -121 .3 x 1 0
P le s s e y  P025 387
13
5 . 8x 10 5 . 7 x l0 16
T h e re  i s  m ore s p re a d  i n  th e  peak p o s i t i o n  and a c t i v a t i o n  e n e rg y  
fro m  s l i c e  to  s l i c e  a lth o u g h  t h i s  may i n  p a r t  be due to  g e n u in e  
d i f f e r e n c e s .  M irc e a  and M it to n e a u  [4 7 ] have  o b s e rv e d  v a r ia t io n s
79
i n  peak te m p e ra tu re  o f  u p to  10 d eg re es  fro m  d i f f e r e n t  sa m p le s .
S p a t ia l  p r o f i l i n g  as o u t l in e d  i n  s e c t io n  2 .4 .2  has been c a r r ie d  out
f o r  t h i s  l e v e l  and th e  r e s u l t s  a re  com pared w i t h  th e  c a r r i e r
c o n c e n t r a t io n  p r o f i l e  i n  f i g  3 .1 .1 0 .  The e l e c t r i c  f i e l d
dependence was a ls o  checked  to  see w h e th e r  t h i s  had  any e f f e c t
on th e  m easured  t r a p  c o n c e n t r a t io n .  T h is  was a c h ie v e d  by f i x i n g
th e  m easurem ent w ind ow  i n  d is ta n c e  b u t  v a r y in g  th e  t o t a l  d e p le t io n
w id th  fro m  ru n  to  ru n .  The e l e c t r i c  f i e l d  i n  th e  m easurem ent
4w indow  was in c re a s e d  fro m  3 to  10 x  10 V /cm  b u t  th e  m easured
t r a p  c o n c e n t r a t io n  showed no f i e l d  dependence re m a in in g  a t  a le v e l
** 3
o f  1 .7  + 0 .7  x  10 cm . T h is  i s  i n  ag ree m e n t w i th  M irc e a  and
M it to n e a u  [4 2 ] who o n ly  o b s e rv e d  f i e l d  dependence a t  much h ig h e r
5f i e ld s  v a lu e s  ( 2 .5  x  10 V /km ) i n  h ig h e r  doped m a te r ia l  
1 7  _  3
( 1 .6  x  10 cm ) .  The e x p e r im e n ta l s p re a d  o f  c o n c e n t r a t io n  
v a lu e s  i n  F ig  3 .1 .1 0  g iv e  an id e a  o f  th e  a c c u ra c y  o f  t h i s  ty p e  
o f  p r o f i l i n g  i f  a u n ifo rm  t r a p  c o n c e n t r a t io n ,  as o b s e rv e d  
f o r  t h i s  le v e l  by M irc e a  e t  ;a l  [4 8 ]  , i s  assum ed. The o r ig in s  and 
a n n e a lin g  b e h a v io u r  o f  th e  "A " c e n tre  a re  c o n s id e re d  m ore f u l l y  in  
th e  f o l lo w in g  e x p e r im e n ta l r e s u l t s  s e c t io n s .
80
3 .2 . 0  I n t r o d u c t io n  and Aims o f  th e  I n v e s t ig a t io n
T h is  w o rk  o r ig in a t e d  fro m  th e  use o f  p ro to n  i s o l a t i o n  i n  th e
f a b r i c a t i o n  o f  p la n a r  GaAs A v a la n c h e  T r a n s i t  T im e (IMPATT) d io d e s
a t  th e  P o s t O f f ic e  [ 4 9 ] .  P ro to n  bom bardm ent i s  used  to  fo rm  h ig h
r e s i s t i v i t y  re g io n s  o f  GaAs s u r ro u n d in g  a c 't iv e  d e v ic e  a re a s  ( f i g  3 .2 . 1 )
and p ro v id e s  a te c h n iq u e  f o r  i s o l a t i n g  i n d i v id u a l  IMPATTS on a c h ip .
The t h i c k  g o ld  p la te d  to p  c o n ta c t  p re v e n ts  th e  p ro to n s  p e n e t r a t in g  
th e  d e v ic e  a re a . R e s u lts  have  shown [4 9 ] t h a t  d io d e s  fa b r ic a t e d  
on th e  same s l i c e  as mesa d io d e s  have  s u p e r io r  c h a r a c t e r is t i c s .
They s u f f e r  le s s  fro m  s u r fa c e  and o th e r  le a k a g e  c u r r e n ts  and have  
im p ro v e d  r f  o u tp u t  pow er and e f f i c i e n c y .
The ra n g e  and l a t e r a l  s p re a d  o f  p ro to n s  i n  GaAs have  p r e v io u s ly  
been in v e s t ig a t e d  [5 0 ] to  d e te rm in e  th e  e n e rg y  o f  in c id e n t  p ro to n s  
r e q u ir e d  to  i s o l a t e  th e  c o m p le te  d e v ic e  th ic k n e s s  and to  exam ine 
th e  e f f e c t s  o f  damage s p re a d in g  b e n e a th  th e  g o ld  p la t i n g .  The 
th e rm a l s t a b i l i t y  o f  th e  m u l t i - e n e r g y  im p la n ts  needed f o r  op tim um  
i s o l a t i o n  has a ls o  been  s tu d ie d  [5 0 ] . T h is  i s  p a r t i c u l a r l y  
im p o r ta n t  when i t  i s  c o n s id e re d  t h a t  a t y p i c a l  d e v ic e  may be r e q u ir e d  
to  o p e ra te  c o n t in u o u s ly  a t  j u n c t io n  te m p e ra tu re s  above 470K f o r  
t im e s  i n  e xcess  o f  20 y e a r s .  Is o th e r m a l a n n e a lin g  has been c a r r ie d  
o u t  [5 0 ] i n  th e  ra n g e  683 -773K  and th e  e x t r a p o la te d  l i f e t im e
o f  th e  d e v ic e  i s o l a t i o n  a t  523K has been c a lc u la te d  as 3 x  10^
16 “ 3y e a rs  f o r  m a t e r ia l  doped to  a le v e l  o f  2 x  10 cm
The p re s e n t  i n v e s t i g a t i o n  has been  c a r r ie d  o u t  to  exam ine  th e  
d e fe c ts  in t r o d u c e d  by p ro to n  bombandment i n  g r e a te r  d e t a i l . '  Low 
dose p ro to n  bom bardm ent has been used to  d e te rm in e  th e  ty p e s  and
3 . 2  P r o t o n  B o m b a rd m e n t  o f  VPE GaAs
Fig 3,2.1 A Proton Isolated IMPATT Diode Structure showing the Au plate 
proton mask and the Semi—insulating bombarded region
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num bers o f  c o m p e n s a tin g  le v e ls  p ro d u c e d . T h e i r  e n e rg y  and dose 
dependence has been exam ined  to g e th e r  w i t h  t h e i r  a n n e a lin g  
c h a r a c t e r i s t i c s .  H ig h  dose sam p les have  a ls o  been  p re p a re d  to  
exam ine  any d i f f e r e n c e s  i n  th e  in t r o d u c t io n  o f  d e fe c ts  w h ic h  o c c u r  
and w h ic h -g iv e  r i s e  to  th e  good th e rm a l s t a b i l i t y  o f  th e  s e m i-  
i n s u la t i n g  p r o p e r t ie s .  C om pa risons have  been  made w i th  o th e r  ty p e s  
o f  i r r a d i a t i o n  damage and th e  d i f f e r e n c e s  in t e r p r e t e d  i n  te rm s  o f  
th e  g e n e r a l ly  a c c e p te d  th e o r ie s  f o r  th e  b e h a v io u r  o f  such  r a d ia t i o n .
3 .2 .1  The B a s ic  T h e o ry  o f  I n t e r a c t io n s  o f  E n e r g e t ic  P a r t i c le s  
w i t h  S o l id s
On e n te r in g  a s o l i d ,  e n e r g e t ic  io n s  lo s e  t h e i r  e n e rg y  to  th e  
l a t t i c e  b y  tw o m echan ism s. One m echanism  in v o lv e s  th e  i n t e r a c t i o n  
b e tw e en  th e  n u c le a r  c h a rg e s  o f  th e  io n  and th e  s c re e n e d  c o u lo m b ic  
f i e l d  o f  th e  t a r g e t  atom s and i s  te rm ed  n u c le a r  s to p p in g .  The 
second  m echan ism  in v o lv e s  in t e r a c t io n s  b e tw e en  th e  io n  and th e  
e le c t r o n s  o f  th e  t a r g e t  atom s and i s  known as e le c t r o n i c  s to p p in g .  
N u c le a r  s to p p in g  may be  re g a rd e d  i n  a s im p le  way as e la s t i c  
c o l l i s i o n s  b e tw e en  tw o  h a rd  s p h e re s . E le c t r o n ic  s to p p in g  in v o lv e s  
e x c i t a t i o n  and i o n i z a t i o n  o f  th e  e le c t r o n s  o f  th e  t a r g e t  atom s and 
i s  an i n e l a s t i c  p ro c e s s  s in c e  t h i s  e n e rg y  w i l l  g e n e r a l ly  be l o s t  
to  th e  l a t t i c e  as e m it te d  phonons o r  p h o to n s . I n  th e  f i r s t  o rd e r
th e  e n e rg y  lo s s  can be re g a rd e d  as tw o  s e p a ra te  p ro c e s s e s  a lth o u g h  
i o n i z a t i o n  o f  a t a r g e t  a tom  w i l l  a f f e c t  th e  s c re e n e d  c o u lo m b rc  
p o t e n t i a l .
The th e o r ie s  used  to  p r e d ic t  th e  e n e rg y  lo s s e s  by  th e s e  two 
m echanism s a re  f u l l y  co v e i'e d  e ls e w h e re  [ 5 i ]  and i t  i s  n o t  a p p r o p r ia te  
to  re p e a t  them  h e re .  The e x a c t fo rm s o f  th e  lo s s e s  depend 
on th e  ty p e  o f  in t e r a to m ic  p o t e n t ia l  t h a t  i s  assum ed, th e  a to m ic  
n um be rs , and masses o f  th e  atom s in v o lv e d .  The g e n e ra l d i f f e r e n c e s
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b e tw e en  e le c t r o n ic  and n u c le a r  e n e rg y  lo s s e s  a re  i l l u s t r a t e d  in  
f i g  3 . 2 . 2 .  T h is  b e h a v io u r  i s  p r e d ic te d  fro m  a u n i f i e d  th e o ry  f o r  
th e  ra n g e  o f  h ea vy  io n s  i n  am orphous s o l id s  d e r iv e d  b y  L in d h a r d ,  
S c h a r f f  and S c h io t t  [5 2 ] known as th e  LSS th e o r y .  The m a in  
d i f f e r e n c e  i n  th e  tw o  ty p e s  o f  s to p p in g  i s  t h a t  n u c le a r  i n t e r a c t io n s  
a re  m ost im p o r ta n t  a t  lo w  in c id e n t  io n  v e lo c i t i e s  w hereas e le c t r o n ic  
s to p p in g  p re d o m in a te s  a t  h ig h e r  io n  v e lo c i t i e s .  When a h ig h  v e lo c i t y  
io n  e n te rs  a s o l i d  th e  i n i t i a l  e n e rg y  lo s s  w i l l  be m a in ly  by 
e x c i t a t i o n  and i o n i z a t i o n  o f  b o th  i t s  own and th e  t a r g e t  a tom  
e le c t r o n s .  The n u c le a r  i n t e r a c t io n s  do n o t  s t a r t  becom ing  im p o r ta n t  
u n t i l  a la r g e  p r o p o r t io n  o f  th e  i o n 's  in c id e n t  e n e rg y  has been 
l o s t .  I t  i s  th e  n u c le a r  c o l l i s i o n s  w h ic h  can g iv e  r i s e  to  d is p la c e ­
m ent o f  th e  t a r g e t  atom s fro m  t h e i r  l a t t i c e  p o s i t io n s  and accom pany­
in g  la r g e  ch a rg e s  i n  in c id e n t  io n  d i r e c t io n .  The ra n g e  o f  th e  io n  
may be e x p re s s e d  as a p r o je c te d  ran ge  Rp in  th e  d i r e c t io n  o f  in c id e n c e . 
A G a u ss ia n  d i s t r i b u t i o n  o f  ra n g e s  o c c u rs  a b o u t t h i s  mean v a lu e  
due to  th e  random  d e f le c t io n s  caused b y  n u c le a r  i n t e r a c t i o n s .
( f i g  3 . 2 . 3 ) .
The LSS th e o ry  i s  fo rm u la te d  f o r  hea vy  io n s  i n  am orphous s o l id s  and 
d i f f e r e n c e s  a re  to  be e x p e c te d  when l i g h t  io n s  a re  in c id e n t  o n to  a 
s in g le  c r y s t a l  l a t t i c e .  T h e re  i s  th e  p o s s i b i l i t y  o f  c h a n n e ll in g  
o f  io n s  a lo n g  lo w  in d e x  c r y s t a l lo g r a p h ic  d i r e c t io n s  g iv in g  r i s e  to  
d e c re a s e d  s c a t t e r in g  and la r g e r  p r o je c te d  ra n g e s . T he re  a re  a ls o  
d i f f e r e n c e s  i n  th e  ty p e  o f  damage p ro d u c e d . The peak in  th e  
e le c t r o n ic  s to p p in g  c u rv e  ( f i g  3 .2 . 2 )  o c c u rs  when th e  in c id e n t  io n  
v e lo c i t y  exceeds th e  B oh r v e lo c i t y  o f  th e  o r b i t i n g  e le c t r o n s -a n d  
th e  p a r t i c le ,  i s  f u l l y  io n is e d .  The p o s i t i o n  o f  t h i s  maximum i s  
r e la t e d  to  th e  io n 's  a to m ic  num ber ( f i g  3 .2 . 4 )  so t h a t  l i g h t  io n s  
a re  in  a f u l l y  io n iz e d  s t a t e  f o r  m ost o f  t h e i r  t r a j . e c t o r y  w hereas 
h e a vy  io n s  r a r e l y  re a c h  i t .  Heavy io n s  w i l l  lo s e  more o f  t h e i r
F ig  3 -2 * 2  A c o m p a ris o n  o f  th e  n u c le a r  and  e le c t r o n ic  s to p p in g  e n e rg y  
lo s s  p ro c e s s e s  as a  f u n c t io n  o f  io n  v e lo c i t y
F ig  3 -2 * 3  The T r a je c t o r y  o f  H ig h  v e lo c i t y  io n s  i n  a  t a r g e t  s h o w in g  
th e  p r o je c te d  ra n g e  Rp
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Fig 3*2.4 The Variation of Ionization State of particles as a Function of 
Energy and Atomic Number:—
a) fully ionized, b) partially ionized, o) neutral from [53]
Fig 3*2*5 A Comparison of Displacement Collision Cascades Produced by Heavy 
and Light ions
e n e rg y  th ro u g h  n u c le a r  c o l l i s i o n s  com pared w i t h  l i g h t  io n s  o f  th e  
same v e lo c i t y .  The maximum e n e rg y  t h a t  can be t r a n s f e r r e d  i n  a 
s in g le  c o l l i s i o n  a ls o  depends on th e  io n  mass so t h a t  i t  i s  
p o s s ib le  f o r  atom s d is p la c e d  fro m  th e  l a t t i c e  by  h ea vy  io n s  to  
have  enough e n e rg y  to  cause  s e c o n d a ry  d is p la c e m e n ts .  A dense 
cascade  o f  d is p la c e m e n ts  i s  c h a r a c t e r is t i c  o f  heavy  io n  damage w h i le  
l i g h t  io n s  p ro d u c e  fe w e r  s e c o n d a ry  c o l l i s i o n s  and th e  d is p la c e m e n t 
cascade  i s  m ore s p re a d  o u t ( f i g  3 . 2 . 5 ) .
The above c o n s id e r a t io n s  le a d  to  th e  c o n c lu s io n  t h a t  th e  ty p e s  o f  
d e fe c t  p ro d u c e d  b y  l i g h t  io n s  such  as p ro to n s  a re  l i k e l y  to  be 
s im p le r  i n  n a tu re  th a n  th o s e  p ro d u ce d  by  h e a v ie r  io n s .  The p r o je c te d  
ran ge  o f  l i g h t  io n s  w i t h  th e  same in c id e n t  e n e rg y  as h e a v ie r  io n s  
w i l l  be g r e a te r  due to  th e  lo w e r  in c id e n c e  o f  c o l l i s i o n s  and th e  
s m a l le r  e n e rg y  t r a n s f e r  p e r  c o l l i s i o n .  A d is p la c e m e n t e n e rg y  
can be d e f in e d  as th e  m in im um  e n e rg y  t h a t  has  to  be  t r a n s f e r r e d  to  
an a tom  to  d is p la c e  i t  f ro m  i t s  l a t t i c e  p o s i t i o n .  T h is  i s  d ep en de n t 
on th e  bond e n e rg ie s  f o r  th e  p a r t i c u l a r  l a t t i c e  u n d e r c o n s id e r a t io n .  
I f  th e  e n e rg y  t r a n s f e r r e d  to  th e  atom s i s  g r e a te r  th a n  Ed th e  
d is p la c e d  a tom  w i l l  move away fro m  i t s  l a t t i c e  s i t e  le a v in g  a 
l a t t i c e  v a c a n c y  and an i n t e r s t i t i a l  d e fe c t .  I f  th e  a tom  e n e rg y  
exceeds 2 E^ th e re  i s  th e  p o s s i b i l i t y  o f  f u r t h e r  d is p la c e m e n ts  
o c c u r r in g .  I n  th e  case  o f  dense cascades th e s e  w i l l  fo rm  d i - ,  
t r i -  o r  even  q u a d r i-v a c a n c ie s  s in c e  th e  d is p la c e m e n ts  can o c c u r  
w i t h i n  a s m a ll  d is ta n c e  o f  each o th e r .  L a rg e  doses o f  h eavy  io n s  
can p ro d u c e  h ig h ly  d is o rd e re d  re g io n s  o 'f co m p le x  d e fe c ts  s u rro u n d e d  
by s im p le r  p o in t  d e fe c ts .
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I n  th e  f o l lo w in g  s e c t io n s  th e  g e n e ra l p r i n c ip le s  o u t l in e d  h e re  
w i l l  be a p p lie d  to  th e  s p e c i f i c  case o f  p ro to n s  in c id e n t  o n to  
s in g le  c r y s t a l  GaAs. They w i l l  be used  to  i n t e r p r e t  th e  DLTS 
s p e c t ra  and th e  d i f f e r e n c e s  i n  s p e c t r a  p ro d u c e d  b y  o th e r  io n s .
3 .2 .2  S u rve y  and P re v io u s  S tu d ie s  o f  P ro to n  Bom barded GaAs 
The e f f e c t s  o f  p ro to n  i r r a d i a t i o n  o f  GaAs was in v e s t ig a te d  by 
W o h lie b e n  and Beck i n  1966 [ 5 4 ] .  H ig h  e n e rg y  (3  MeV) p ro to n s  w ere  
used to  bom bard  r e l a t i v e l y  t h i n  la y e rs  (45  y m ). The p ro to n s  
em erged fro m  th e s e  la y e r s  w i t h  an e n e rg y  o f  a p p ro x im a te ly  1 MeV 
and so th e  damage was c re a te d  by  io n s  s lo w in g  down i n  th e  e le c t r o n ic  
s to p p in g  r e g io n  and was u n i f o r m ly  d is t r i b u t e d  th ro u g h o u t th e  la y e r s .  
A d e c re a s e  i n  c a r r i e r  c o n c e n t r a t io n  and m o b i l i t y  i n  b o th  n and p 
ty p e  GaAs was m easured  by  H a l l  te c h n iq u e s .  C a r r ie r  re m o v a l was 
o b s e rv e d  to  depend on th e  p ro to n  dose as th e  c a r r i e r  
c o n c e n t r a t io n  o f  th e  s t a r t i n g  m a t e r ia l  was v a r ie d .  I t  was c o n c lu d e d  
t h a t  a q u a s i- c o n t in u o u s  d i s t r i b u t i o n  o f  deep le v e ls  p ro d u c e d  i n  th e  
b a n d -g a p  was r e s p o n s ib le  f o r  th e  c a r r i e r  re m o v a l.
F o y t e t  a l  [5 5 ] used  p ro to n  bom bardm ent to  i s o l a t e  in d i v id u a l  
p -n  ju n c t io n s  on a s l i c e  and to  su p p re ss  edge b reakdow n  i n  S c h o t tk y  
d io d e s . C a r r ie r  c o n c e n t r a t io n  p r o f i l e s  o f  b o th  p and n la y e rs  
s u b je c te d  to  lo w  e n e rg y , lo w  dose bom bardm ents w ere  d e te rm in e d  
by c a p a c ita n c e - v o l ta g e  te c h n iq u e s .  I n  th e  n - ty p e  sam p les an 
anom alous in c re a s e  i n  c a r r i e r  c o n c e n t r a t io n  above th e  o r i g i n a l  
d o p in g  l e v e l  was o b s e rv e d  j u s t  beyond  th e  maximum ra n g e  o f  th e  
p ro to n s  ( f i g  3 . 2 . 6 ) .  T h is  peak was a t t r i b u t e d  to  th e  c r e a t io n  o f  
s h a l lo w  d o n o rs  b y  th e  p ro to n  bom bardm ent b u t  l a t e r  
w o rk  b y  K im e r l in g  and P o a te  [5 6 ] in d ic a te s  t h a t  t h i s  peak i s  an 
a r t i f a c t  o f  th e  m easurem ent te c h n iq u e .  A n n e a lin g  a t  973K was 
fo u n d  to  be n e c e s s a ry  f o r  th e  sam ple  to  r e c o v e r  i t s  o r i g i n a l  
c a r r i e r  c o n c e n t r a t io n .
DEPTH O il
F ig  3 * 2 .6  The C a r r ie r  C o n c e n t r a t io n  P r o f i l e  f o r  bom bardm ent o f  
n  ty p e  GaAs w i t h  100lceV p ro to n s  a t  a does o f  10^3 cm 
An anom alo.ua. in c r e a s e  i n  c a r r i e r  c o n c e n t r a t io n  i s  
o b s e rv e d  a t  th e  end o f  t h e  p ro to n  ra n g e  fro m  [ 5 5 3
A m ore d e t a i le d  s tu d y  o f  n ty p e  p ro to n  i r r a d ia t e d  GaAs was 
u n d e r ta k e n  by  P ru n ia u x  e t  ‘a l  [5 7 ] . A O V  p r o f i l e r  was used to  
m o n ito r  th e  e f f e c t s  o f  in c r e a s in g  p ro to n  dose [ f i g  3 . 2 . 7 ] .  The 
r e s i s t i v i t y  v e rs u s  te m p e ra tu re  p lo t  o f  a com pensated  sam ple  
s u g g e s te d  th e  p re s e n c e  o f  two t r a p p in g  le v e ls  a t  0 .4  and 0 .8  eV 
( f i g  3 .2 . 8 )  above th e  v a le n c e  band i n  c o n t r a d ic t io n  to  th e  
c o n tin u u m  o f  t r a p p in g  le v e ls  p ro p o s e d  by W o h lle b e n  and Beck [ 54] . 
Com plex a n n e a lin g  k i n e t i c s  in c lu d in g  an in c re a s e  i n  r e s i s t i v i t y  
a t  423K and lo s s  o f  s e m i- in s u la t in g  p r o p e r t ie s  above 623K w ere  
r e p o r te d .  The te c h n iq u e  was used  to  f a b r i c a t e  s e m i- in s u la te d  g a te  
FETs.
Dyment e t  a l  [5 8 ] have  s tu d ie d  th e  e f f e c t s  o f  300 keV p ro to n  
bom bardm ent and s u b s e q u e n t a n n e a lin g  on th e  o p t i c a l  a b s o rp t io n  
and e l e c t r i c a l  r e s i s t i v i t y  o f  b u lk  p ty p e  GaAs. They c o n c lu d e d  
t h a t  o p t i c a l  r e c o v e ry  was m ore r a p id  th a n  th e  d e c re a s e  in  
e l e c t r i c a l  r e s i s t i v i t y  d u r in g  a n n e a lin g .  I t  was p o s s ib le  to  
re c o v e r  th e  o p t i c a l  p r o p e r t ie s  c o m p le te ly  w h i le  r e t a in in g  a 
h ig h  e l e c t r i c a l  r e s i s t i v i t y .  T h is  in d ic a te s  t h a t  th e  d e fe c ts
r e s p o n s ib le  f o r  o p t i c a l  a b s o rp t io n  m ust have  lo w e r  a c t i v a t i o n  
e n e rg ie s  th a n  th o s e  r e s p o n s ib le  f o r  e l e c t r i c a l  c o m p e n s a tio n .
These a n n e a lin g  p r o p e r t ie s  w ere  used to  f a b r i c a t e  
s t r i p e  g e o m e try  ju n c t io n  la s e r s  w i t h  h ig h  r e s i s t i v i t y  m a t e r ia l  
d e f in in g  th e  s t r i p e  b u t  n o t  a b s o rb in g  any e le c t r o m a g n e t ic  
r a d ia t io n  fro m  th e  la s in g  mode.
Favennec and Rao [5 9 ] have used  th e  p r o p e r ty  o f  o p t i c a l  a b s o rp t io n  
a n n e a lin g  to  f a b r i c a t e  o p t i c a l  w a ve g u id e s  i n  GaAs a f t e r  o p t im iz in g  
th e  dose and a n n e a l r e q u ir e d  f o r  maximum g u id in g .  S im i la r  
a n n e a lin g  p r o p e r t ie s  have  been  r e p o r te d  f o r  p ro to n  bom barded GaP
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Fig 3.2.7 The Variation in Carrier Concentration for Increments 
of lO'^cm”^  in proton dose fromQ57^ 1
Fig 3-2.8 The Temperature Dependence of Resistivity of Proton 
Bombarded High Resistivity GaAs from [57}
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b y S p i t z e r  and N o r th  [6 0 ]. GaAlAs has a ls o  been in v e s t ig a te d  by 
Favennec and D ig u e t  [ 6 l ]  who have  d e te rm in e d  ra n g e  d a ta  and 
o b s e rv e d  a n n e a lin g  s ta g e s  a t  493K and 693K. A r ra y s  o f  LEDs 
have  been i s o la t e d  to  fo rm  in d e p e n d e n t row s f o r  c ro s s  b a r  a d d re s s in g .
H arada  and F u jim o to  [62 ] have  exam ined  lo w  e n e rg y  (6 0 -3 8 0  keV) 
p ro to n s  i n  n - ty p e  GaAs u s in g  C-V and H a l l  e f f e c t  m easu rem en ts .
The dependence o f  th e  m in im um  f r e e  c a r r i e r  c o n c e n t r a t io n  on p ro to n  
e n e rg y  i s  shown to  c o rre s p o n d  to  th e  p r o je c te d  p ro to n  ra n g e  
( f i g  3 . 2 . 9 ) .  S a k u ra i e t  a l  [63] have  p e r fo rm e d  s im i l a r  w o rk  and 
a ls o  o b s e rv e d  t h a t  p h o to lu m in e s c e n c e  fro m  th e  band edge d e c re a s e d  
r a p id ly  w i t h  in c r e a s in g  p ro to n  d ose . No new p h o to lu m in e s c e n c e  
peaks w ere  o b s e rv e d  i n d i c a t i n g  t h a t  th e  p ro to n  bom bardm ent c re a te d  
deep n o n - r a d ia t iv e  le v e ls .  Olcunev e t  a l  [6 4 ] have  s tu d ie d  p ro to n  
damage by  c a th o d o lu m in e s c e n c e  and o b s e rv e d  a s im i l a r  d e c re a s e  i n  
band edge e m is s io n .  The d e c re a s e  f o r  n  ty p e  Te doped sam p les was 
g r e a te r  th a n  t h a t  f o r  p ty p e  Zn doped sam p les f o r  th e  same p ro to n  
dose and was a t t r i b u t e d  to  th e  fo rm a t io n  o f  Ga^ V ^a Te^ co m p le xe s .
Gecim  e t  a l  [65 ] have  d e te rm in e d  c a r r i e r  re m o v a l r a te s  f o r
• *j* *4* *4* * 0
e q u iv a le n t  doses o f  Hp R and u s in g  a C ope land  C-V p r o f i l e r .  
I d e n t i c a l  r a t e s ,  in d e p e n d e n t o f  th e  e n e rg y  used  ( -  3 00 -5 00  KeV
Hfr ~h Hr
f o r  Hp ) w ere  o b s e rv e d  c o n f i r m in g  t h a t  and H^ d is s o c ia te  i n t o
e q u i-e n e rg y  p ro to n s  on im p a c t in g  a s o l i d  s u r fa c e .
M atsum ura  and S tephens  [ 66] have  exam ined  th e  l a t e r a l  s p re a d  o f  
c a r r i e r  re m o v a l u s in g  C o p e la n d /C -V  m e th o d s . I t  was fo u n d  t h a t  th e  
s p re a d  is  la r g e s t  a t  th e  p r o je c te d  p ro to n  ra n g e . The l a t e r a l  s p re a d  
in c re a s e s  w i th  in c r e a s in g  in c id e n t  e n e rg y  b u t  th e  r a t i o  o f  l a t e r a l  
to  lo n g i t u d in a l  s p re a d  d e c re a s e s . T h is  i s  i n  a g reem en t w i t h  th e  
w o rk  o f  S p e ig h t e t  a l  [5 0 ] who in v e s t ig a t e d  m u l t i - e n e r g y  l a t e r a l
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s p re a d in g  u s in g  c le a v e  and s ta in ,  te c h n iq u e s .
D o n n e lly  and L e o n b e rg e r  [67 ] have  in v e s t ig a te d  s in g le  and m u l t i
e n e rg y  p ro to n  bom bardm ent i n  h ig h ly  doped GaAs. They have  fo u n d
t h a t  m u l t i - e n e r g y  im p la n ts  a re  n e c e s s a ry  to  i s o la t e  GaAs w i t h  a
18 -  3c a r r i e r  c o n c e n t r a t io n  o f  4 x  10 cm . An op tim um  dose has been 
shown to  e x is t  f o r  a t ta in m e n t  o f  maximum r e s i s t i v i t y  i n  GaAs o f  a 
g iv e n  d o p in g  l e v e l .  I f  t h i s  dose i s  exceeded  i t  i s  n e c e s s a ry  to  
a n n e a l some o f  th e  damage b e fo re  peak r e s i s t i v i t y  can be a c h ie v e d . 
M u l t i - e n e r g y  doses h ave  a ls o  been fo u n d  d e s i r a b le  f o r  maximum 
th e rm a l s t a b i l i t y  i n  lo w e r  doped IMPATT s t r u c t u r e s  [4 9 ,5 0 ] .
P ro to n  ra n g e  d a ta  u p to  2 .5  MeV have been  r e c e n t ly  d e te rm in e d  f o r  
GaAs, InP  , GaSb and GaAlAs by  H e n s h a ll e t  a l  [ 68] . These r e s u l t s  
show t h a t  th e  p ro to n  ra n g e  i n  a l l  th e s e  m a te r ia ls  i s  v e ry  s im i l a r .  
S p e ig h t e t  a l  [50 ] have  com pared th e  e x p e r im e n ta l ra n g e  o f  p ro to n s  
i n  2 °  o f f  100 s in g le  c r y s t a l  GaAs w i t h  th e  t h e o r e t i c a l  LSS th e o ry  
v a lu e s  d e r iv e d  f o r  p ro to n s  i n  GaAs by  M a tsu m u ra e t a l  [69 ] . Much 
b e t t e r  ag ree m e n t i s  shown th a n  f o r  e a r l i e r  c a lc u la t io n s  by  Johnson  
and G ibbons [7 0 ] ( f i g  3 . 2 . 1 0 ) .  The c lo s e  a g ree m e n t b e tw een  
t h e o r e t i c a l  and e x p e r im e n ta l  r e s u l t s  in d ic a t e  t h a t  c h a n n e l l in g  i s  
n o t  t a k in g  p la c e  and t h i s  i s  c o n firm e d  b)/ f u r t h e r  e x p e r im e n ta l 
r e s u l t s  by  M c In ty re  (7 1 )  who fo u n d  no s i g n i f i c a n t  d i f f e r e n c e s  u s in g  
8°  o f f  100 GaAs.
3 .2 i3  P r e p a r a t io n  o f  P ro to n  Bom barded Specim ens
The 2 MeV Van de G ra a f g e n e ra to r  i n  th e  io n  im p la n ta t io n  la b o r a to r y  
a t  th e  U n iv e r s i t y  o f  S u r re y  was used to  c a r r y  o u t  p ro to n  bom bardm en ts . 
H yd rogen  gas was le a k e d  i n t o  a tu b e  w h ic h  had an r f  v o lta g e  a c ro s s  
i t  so t h a t  a p la sm a  was fo rm e d . E le c t r o n s  w ere  c o l le c t e d  a t  one
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th e  a c c e le r a to r  tu b e . The io n s  w ere  a c c e le r a te d  to  th e  p o t e n t ia l
o f  th e  Van de G ra a f f  g e n e ra to r  and th e n  a n a ly s e d  m a g n e t ic a l ly  so
t h a t  o n ly  th e  r e q u ir e d  is o to p e  was d e f le c te d  a lo n g  th e  beam l i n e
-5( f i g  3 . 2 . 1 1 ) .  T h is  l i n e  was k e p t  u n d e r vacuum  (<- 10 T o r r )  to  
p re v e n t  th e  energy loss o f  io n s  a lo n g  i t s  le n g th .
G a lliu m  a rs e n id e  c h ip s  w ere  m ounted w i t h  a c o n d u c t in g  p a s te  o n to  
c o p p e r d is c s  h e ld  i n  p la c e  on th e  sam ple  h o ld e r  by s p r in g  c l i p s .
The h o ld e r  was s i t u a t e d  a t  th e  end o f  th e  beam l i n e  and h e ld  
f i v e  sam p les f o r  b o m b a rd in g  i n  sequence w i t h o u t  re m o v a l fro m  th e  
t a r g e t  cham ber. The beam p asse d  th ro u g h  a 1 cm sq u a re  h o le  i n  th e  
a p e r tu r e  p la t e  and th e  e x p o s u re  o f  th e  sam ple  was c o n t r o l le d  by  a 
s h u t t e r  p la c e d  b e h in d  th e  a p e r tu r e  p la t e .  The beam was c e n tre d  
o n to  th e  a p e r tu r e  p la t e  by  means o f  dc b ia s e s  a p p lie d  to  th e  scan  
p la t e s .  A v a r ia b le  fre q u e n c y  ac b ia s  was a ls o  a p p lie d  to  th e s e
p la te s  to  a l lo w  th e  beam to  be r a s te r e d  a c ro s s  th e  h o le  i n  th e
a p e r tu r e  p la t e  so t h a t  a u n ifo rm  dose o f  p ro to n s  c o v e re d  th e  w h o le  
o f  th e  sam p le  a re a .
A s u p p re s s o r  p la t e  a t  -4 0 0  V dc was used  to  d e f le c t  any s e c o n d a ry  
e le c t r o n s  e m it te d  fro m  th e  sam p le  d u r in g  p ro to n  bom bardm ent back  
to  th e  sam p le  p la t e  i n  o rd e r  to  a v o id  e r r o r s  i n  dose m ea su rem e n ts . 
The dose was m easured  by  in t e g r a t in g  th e  c u r r e n t  due to  th e  p ro to n s  
im p in g in g  on th e  sam p le  and sam ple  p la t e .  These w ere  i s o la t e d  
e l e c t r i c a l l y  fro m  th e  r e s t  o f  th e  sam ple  h o ld e r  by a m ica  s t r i p .
A fre q u e n c y  p r o p o r t io n a l  to  th e  m easured c u r r e n t  was d e r iv e d  fro m  
th e  i n t e g r a t o r  and d is p la y e d  as a num ber o f  c o u n ts  on a s c a le r  
such  th a t
_2
Dose o f  p ro to n s  (cm ) = No o f  c o u n ts  x  f u l l  s c a le  c u r r e n t
 i n t e g r a t o r  s e t t i n g _______
100 x  1.6  x  10’ 19
e n d  o f  t h e  t u b e  w h i l s t  p r o t o n s  e m e r g e d  f r o m  t h e  o t h e r  e n d  i n t o
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F ig  3 .2 .1 2  An o s c i l lo s c o p e  t r a c e  s h o w in g  th e  p r i n c i p l e  o f  c e n t r a l i s i n g  
th e  p ro to n  beam on th e  A p e r tu re  P la te  o f  th e  Sam ple H o ld e r
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A c c u ra te  doses o f  p ro to n s  c o u ld  be a c h ie v e d  by  e n s u r in g  t h a t  th e  
in t e g r a t o r  was n o t  o v e r lo a d e d  by th e  in s ta n ta n e o u s  c u r r e n t  v a lu e .
T h is  c o u ld  be checked  by re d u c in g  th e  s c a n n in g  f re q u e n c ie s  to  z e ro  
and n o t in g  th e  c u r r e n t .  I t  s h o u ld  n o t  exceed  150% o f  th e  f u l l  
s c a le  re a d in g  used  f o r  th e  scanned  m easu rem en t. O v e r lo a d  was n o t  
a lw a ys  o b v io u s  a t  h ig h  s c a n n in g  f re q u e n c ie s  e s p e c ia l ly  when th e  
beam was r a s te r e d  much beyond  th e  edges o f  th e  a p e r tu re  p la t e .
T h is  p o r t io n  o f  th e  beam d id  n o t  c o n t r ib u te  to  th e  sam ple  p la t e  
c u r r e n t  and so th e  a v e ra g e  m easured v a lu e  was re d u c e d . I t  was im p o r t ­
a n t to  have  a d e g re e  o f  o v e rs c a n n in g  because  o f  th e  f i n i t e  w id th  o f  
th e  beam. T h is  was o f  th e  o rd e r  o f  3 mm d ia m e te r  and so th e  beam 
s h o u ld  o v e r la p  th e  a p e r tu r e  p la t e  h o le  by t h i s  am ount so t h a t  th e  
edges o f  th e  sam ple  d id  n o t  r e c e iv e  h ig h e r  doses th a n  th e  c e n t r e .
The beam was c e n t re d  o n to  th e  a p e r tu re  by o b s e rv in g  th e  sam ple  
c u r r e n t  on th e  x  a x is  o f  an o s c i l lo s c o p e  and th e  scan  v o lt a g e  on 
th e  y  a x is .  T h is  gave a v i s u a l  i n d i c a t i o n  o f  th e  a p e r tu r e  so  t h a t  
th e  d e g re e  o f  o v e rs c a n n in g  c o u ld  be a d ju s te d  ( f i g  3 .2 . -1 2 ) .  - T h is  was 
c a r r ie d  o u t  f o r  th e  X and Y s c a n n in g  d i r e c t io n s  i n  t u r n .  The 
r a s t e r  p a t t e r n  o f  th e  beam was a ls o  o b s e rv e d  on an o s c i l lo s c o p e  
to  e n s u re  no s ta n d in g  wave p a t te r n s  w ere  s e t  u p . The w h o le  o f  
th e  s e t t i n g  up p ro c e d u re  was c a r r ie d  o u t when th e  beam was in c id e n t  
on a 'b la n k '  p o s i t i o n  on th e  sam ple  h o ld e r  p la t e .  A sc rew  
m echanism  a llo w e d  th e  sam p le  to  be moved in t o  l i n e  w i t h  th e  
a p e r tu r e  f o r  bom bardm ent and th e  s h u t t e r  was opened u n t i l  th e  
c o r r e c t  num ber o f  c o u n ts  w ere  r e g is t e r e d  on th e  s c a le r .
A s m a ll num ber o f  sam p les w ere  bom barded u s in g  th e  600 keV hea vy  
io n  im p la n te r  a ls o  a t  th e  U n iv e r s i t y  o f  S u r re y .  T h is  was because  
i t  was n o t  p o s s ib le  to  g e t a s ta b le  p ro to n  beam a t  e n e rg ie s  b e lo w  
300 keV on th e  Van de G ra a f f  m a c h in e .
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I n  th e  m a jo r i t y  o f  cases th e  sam p les w ere  p re p a re d  fro m  a t o t a l
o f  12 s l i c e s  ( ~  8 mm s q u a re )  o f  VPE s u lp h u r  doped n ty p e  la y e rs
g row n on n + s u b s t r a te s  o r ie n ta t e d  i n  th e  3 °  o f f  100 d i r e c t io n .
The n ty p e  la y e r s  w ere  u n ifo rm  in  th ic k n e s s  i n  th e  ran ge  10 to
15 ym. The d o p in g  le v e ls  w ere  u n ifo rm  th ro u g h o u t  th e  s l i c e  and
16 -  3
i n  th e  ra n g e  1 .8  to  2 .8  x  10 cm . .W henever p o s s ib le  m a t e r ia l  
fro m  th e  same s l i c e  o r  g ro w th  ru n  was used  f o r  one s e t  o f  e x p e r im e n ts  
to  e l im in a te  any e f f e c t s  due to  s l i g h t  d i f f e r e n c e s  i n  m a te r ia ls .
Some h ig h e r  doped m a t e r ia l  was a ls o  used  to  exam ine  p ro to n  doses 
w h ic h  re n d e re d  th e  lo w e r  doped m a te r ia l  s e m i - in s u la t in g .  D e t a i ls  
o f  th e s e  m a te r ia ls  w i l l  be g iv e n  i n  th e  a p p r o p r ia te  s e c t io n s .
M ost sam p les  w e re  bom barded a f t e r  c o n ta c t in g  w i t h  ohm ic b a ck  c o n ta c ts  
and n ic k e l  S c h o t tk y  c o n ta c ts  on th e  e p i t a x ia l  la y e rs  (s e e  s e c t io n  
3 . 1 . 1 ) .  The S c h o t tk y  c o n ta c ts  ra n g e d  i n  th ic k n e s s  fro m  20 to  100 nm 
and p r e l im in a r y  in v e s t ig a t io n s  on sam ples c o n ta c te d  b e fo re  and 
a f t e r  bom bardm ent showed no m e a s u ra b le  d i f f e r e n c e s .  Sam ples w h ic h  
w ere  a n n e a le d  above 573K d id  n o t  have  c o n ta c ts  a p p lie d  u n t i l  th e s e  
p ro c e s s e s  w ere  c o m p le te . Some sam p les w ere  e n c a p s u la te d  in  c h e m ic a l 
v a p o u r  d e p o s ite d  (CVD) s i l i c o n  n i t r i d e  S i^  w h ic h  was d e p o s ite d  
a t  973K b e fo re  p ro to n  bom bardm ent was c a r r ie d  o u t .
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3 .2 . 4  R e s u lts  o f  Bom bardm ent o f  GaAs w i t h  V e ry  Low 10 cm ) P ro to n  
Doses
3 .2 .4 .1  The D e te r m in a t io n  o f  T ra p  A c t iv a t io n  E n e rg ie s  
* *H ig h  q u a l i t y  n ty p e  VPE GaAs g row n on n s u b s t r a te s  has one 
d o m in a n t e le c t r o n  t r a p p in g  le v e l  d e te c ta b le  by  DLTS. O th e r  le v e ls  
have  been o b s e rv e d  [ 4 7 ] ' b u t  t h e i r  a pp ea rance  i s  n o t  so common. O n ly  
t h i s  d o m in a n t A c e n tr e  was d e te c te d  i n  th e  p re s e n t  i n v e s t ig a t io n  
p r i o r  to  p ro to n  bom bardm en t. The t r a p  p a ra m e te rs  o f  t h i s  le v e l  
have  been  d e te rm in e d  and o u t l in e d  i n  s e c t io n  3 .1 . 4 .
Bom bardment o f  GaAs sam p les  by p ro to n s  w i t h  in c id e n t  e n e rg ie s  i n
th e  ra n g e  60 keV  to  1 MeV p ro d u c e d  a d d i t io n a l  e le c t r o n  t r a p p in g
le v e ls .  A t y p i c a l  DLTS s p e c tru m  ( f i g  3 .2 .1 3 )  shows th re e  t r a p p in g
12 ~2le v e ls  a f t e r  bom bardm ent w i t h  a dose o f  1 x  10 cm 300 keV 
p ro to n s .  The s p e c t r a  o b ta in e d  w ere  in d e p e n d e n t o f  th e  in c id e n t  
e n e rg y  o f  th e  p ro to n s  and no s i g n i f i c a n t  d i f f e r e n c e s  x^ere o b s e rv e d  
i n  th e  r e g io n s  xWiere e n e rg y  lo s s  was p re d o m in a n t ly  due to  e le c t r o n i c  
in t e r a c t io n s  and th o s e  w here  n u c le a r  s to p p in g  p ro c e s s e s  d o m in a te d .
110 keV p ro to n s  have a mean ra n g e  o f  0 .8  ym [7 1 ] so t h a t  th e  n u c le a r  
s to p p in g  r e g io n  i s  w i t h in  th e  maximum d e p le t io n  \ t f id th  f o r  m a t e r ia l  
o f  th e  d o p in g  l e v e l  used  ( f i g  3 . 2 . 1 4 ) .  1 MeV p r o to n s ,  h o w e v e r,
have  a mean ra n g e  o f  11 ym [7 1 ] so t h a t  o n ly  th e  e le c t r o n ic  s to p p in g  
r e g io n  f a l l s  w i t h i n  th e  maximum d e p le t io n  x ^ id th .  R e s u lts  o f  DLTS 
s p e c t ra  ta k e n  f o r  th e s e  tw o e n e rg ie s  a re  com pared i n  f i g  3 .2 .1 5 .
T he re  a re  no b a s ic  d i f f e r e n c e s  i n  th e  two s p e c t ra  in d i c a t i n g  t h a t  
th e  d e fe c t  i n t r o d u c t io n  i n t o  th e  two re g io n s  i s  o f  th e  same ty p e .
The num bers o f  d e fe c ts  in t r o d u c e d  i n t o  th e  txro r e g io n s  do d i f f e r ,  
h o w e v e r, and th e  s i m i l a r i t y  o f  DLTS peak s iz e  i s  o n ly  due to  c o in c id e n c e  
(se e  eqn 2 .3 . 1 7 ) .
12 “2
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Fig 3,2*13 A plot of DLTS signal (s) versus Temperature ( t )  for GaAs 
bombarded with 300 keV protons at a dose of lO^cm 
The Trap Notation is from[j73l[
1 0 0
x (jjm)
n ( c n r f ^ )
Fig 3.2.14 The variation of the maximum depletion width (x) 
as a function of carrier concentration level 
from [7 2 J
T(K)
Fig 3*2.15 A comparison of DLTS spectra produced by different 
incident energy proton bombardments
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The c a r r i e r  re m o v a l r a t e  i s  e q u a l to  th e  d i f f e r e n c e  i n  th e  f r e e
c a r r i e r  c o n c e n t r a t io n s  b e fo re  and a f t e r  p ro to n  bom bardm ent d iv id e d
by th e  p ro to n  dose o r  f lu e n c e .  T h is  was m easured as 5 x  104 cm *
a t  th e  peak o f  th e  n u c le a r  damage r e g io n  and i s  v e ry  c lo s e  to  th e  
4 -x
v a lu e  o f  4 x  10 cm d e te rm in e d  by H arada and F u j im o to  [6 2 ] . I n  
th e  e le c t r o n ic  s to p p in g  r e g io n  o f  th e  h ig h e r  e n e rg y  sam ple  th e
3 - 1  . . .
c a r r i e r  re m o v a l r a t e  was 2 x  10 cm . T h is  i s  m  ag reem en t w i t h  
th e  t h e o r e t i c a l  p r e d ic t io n s  o f  b e h a v io u r  o u t l in e d  i n  s e c t io n  3 .2 .1  
s in c e  fe w e r  d is p la c e m e n ts  o c c u r  i n  th e  e le c t r o n ic  s to p p in g  r e g io n .
T h is  r e s u l t s  i n  fe w e r  d e fe c ts  b e in g  a v a i la b le  f o r  c a r r i e r  t r a p p in g .
The a c t i v a t i o n  e n e rg y  p lo t s  f o r  th e  th re e  t r a p p in g  le v e ls  a re  shown
i n  f i g  3 .2 .1 6 .  The p lo t s  f o r  th e  E3 and E4 le v e ls  a re  o b ta in e d  fro m
th e  p o s i t i o n  o f  th e  p ea k  b u t th e  E5 le v e l  p re s e n ts  a p ro b le m  s in c e
i t  i s  o n ly  p re s e n t  as a s h o u ld e r  on th e  E4 p e a k . An a t te m p t to
c o n s t r u c t  th e  E5 peak by s u b t r a c t in g  th e  e f f e c t  o f  th e  E4 peak was
made ( f i g  3 . 2 . 1 7 ) .  The v a lu e s  o f  te m p e ra tu re  o b ta in e d  a t  d i f f e r e n t
e m is s io n  r a te s  f o r  th e  c o n s t r u c te d  peaks a ssum in g  t h a t  m ost o f  th e
s ig n a l  decay  was due to  th e  E4 l e v e l  w ere  used  to  c o n s t r u c t  p lo t
( a )  f o r  th e  E5 le v e l  i n  f i g  3 .2 .1 6 .  T h e .te m p e ra tu re s  o f  th e  peaks d e r iv e d
a ssum ing  th e  decay  was m a in ly  due to  th e  E5 le v e l ,  w ere  used  to
c o n s t r u c t  p lo t  ( b ) . A le a s t  sq u a re s  f i t  p ro g ra m  was a p p lie d  to  th e
d a ta  to  g iv e  th e  a c t i v a t i o n  e n e rg y  and c a p tu re  c ro s s  s e c t io n  v a lu e s .
2
A m easure  o f  th e  d e g re e  o f  f i t  o f  th e  d a ta ,  r  , i s  a ls o  g iv e n .  T h is  
i s  r e la t e d  to  th e  l i n e a r  c o r r e la t i o n  c o e f f i c i e n t  [7 4 ] and th e  c lo s e r  
t h i s  v a lu e  i s  to  u n i t y  th e  b e t t e r  th e  f i t .  The r e s u l t s  a re  
sum m arised  i n  t a b le  3 . 2 . 1 .
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Fig 3*2.16 Activation Energy plots for the E3, E4 and E5 
proton bombardment induced defects.
Fig 3*2.17 Construction of the DLTS peak due to the
E5 level. The assumption that most of the 
experimental signal (solid line) is due to the E4 
level produces a projected decay (a) and the constructed 
peak(c). The assumption that most of the decay is due 
to the E5 level produces the constructed peak (b).
1 0 3
Trap Identity Ena (eV) o (cm 2) na r2 (i)
E3 0.42 -132 x 10 0.998
E4 0.70 -121.2 x 10 0.996
E5 (a) 1.34 ~41.2 x 10 1.000
(b) 0.84 2 x 10"11 0.997
Table 3.2.1 Summary of Trap Parameters of Proton Bombarded GaAs
The degree of fit of the data to the least squares fits is good
for all the trapping levels. In the case of the E4 level, for
2 .example, the value for of 0.996 is equivalent to mean errors in
the quoted activation energy and capture cross sections of + 0.005 eV 
-12 2and + 0.1 x 10 cm respectively. Large differences in trap 
parameters for the E5 level are obtained from the two methods of 
calculating peak position. Method (a) gives non-physical results.
A level 1.34 eV below the conduction band would not be observed 
since it would never appear above the Fermi level (fig 3.2.18).
There is no evidence [75] to suggest that this level has a thermally 
activated capture cross section which would give rise to a larger 
apparent activation energy (section 2.3.3). The capture cross 
section is 6 orders of magnitude greater than any previously 
observed in GaAs [76] .
These discrepancies probably arise from the fact that the peak 
corresponding to the E4 level is much broader than a theoretically 
calculated peak (fig 3.2.19) corresponding to the measured trap
1 04
Fig 3*2.18 The band diagram of a metal-semiconductor barrier
showing that a trapping level with a depth E - 1.34eV 
would never anpear above EF and hence would not be 
observed by DLTS,
200 300 400
T(K)
Fig 3*2.19 A comparison of theoretical and experimental DLTS 
peak shapes for the E3 and E4 levels
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parameters using eqns 2.1.10 and 2.3.2. The decay mainly attributed 
to the E4 peak in fig 3.2.17 is therefore not valid and so it is not 
surprising that the peak constructed from this decay gives anomalous 
results. The peak constructed assuming most of the signal decay is 
due to the E5 level is a much better approximation and corresponds 
closely to that derived from the E4 theoretical decay. The trap 
parameters derived using this second method are probably more 
reliable. One other point of interest is the very close agreement 
between the theoretical and experimental peak shapes for the E3 
level (fig 3.2.19) indicating that this is a discrete energy level 
whereas the E4 is most probably the mean of a number of levels. This 
point is further discussed in section 3.2.10.2.
3.2.4.2 Spatial Profiling and Trap Concentration Evaluation 
Spatial profiling of the deep level concentrations has been carried 
out using the theory outlined in section 2.4.2 and appendix A l . A 
typical example of the type of profiles observed in the nuclear 
stopping region is compared with the carrier concentration profiles 
before and after proton bombardment in fig 3.2.20. The maximum in 
the trap concentration values corresponds to the minimum in the 
carrier concentration profile. A similar profiling exercise was 
carried out to observe the levels in the electronic stopping region 
(fig 3.2.2 1). The trap concentration is flat near the surface but 
increases with depth while the carrier concentration shows a gradual 
decrease in value away from the surface. In both cases the E3 and , 
E4 levels are present in similar concentrations. No data on the E5 
level has been included due to difficulties in estimating its 
concentration arising from its presence as a shoulder on the E4 peak.
Fig 3.2.20 Carrier concentration (top) and Trap density profiles 
after bombardment with a dose of 2 x 10 cm"2 60ICeV 
protons such that damage is observed in the nuclear 
stopping region.
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Fig 3.2.21 Carrier concentration and trap density profiles for a 300KeV
1x10 cm“ proton bombardment such that the damage is observed 
in the electronic storming region
T K )
Fig 3*2.22 The variation of trap emission rate v;ith temperature 
for the proton induced defects E2-S5 and the native 
A centre defect
differences in carrier concentration before and after bombardment
is not obvious at first sight. The combined concentration of the
E3 and E4 levels in fig 3.2.21 at 0.5 ym for example is
15 -3approximately 3.3 x 10 cm whilst the carrier concentration
15 -3difference is approximately 6 x 10 cm . The reasons for this 
apparent anomaly are the effects of the presence of trapping levels 
on carrier concentration profiles. This has been outlined in
section 2.2.5. The emission rate of the trapping level is the
parameter which determines whether or not it will contribute to the 
observed carrier concentration. The emission rates of the relevant 
trapping levels have been plotted as a function of temperature in 
fig 3.2.22. An E2 level has also been included since it is possible 
that it occurs in proton bombarded GaAs. It has been observed by 
other workers, together with the E 3 , E4 and E5 levels in electron 
irradiated GaAs [70] . It would not be observed in the present 
investigation since the DLTS peak would be below the minimum 
temperature possible using liquid nitrogen cryostats.
At room temperature both the E2 and E3 levels have an emission rate 
5 -1exceeding 10 s so that they contribute to the measured carrier
concentration when using a Baxandall [3] type profiler. The
2 - 1emission rate of the deeper traps is below 10 s and so they 
cannot contribute in any way. From these arguments the differences 
in the carrier concentrations measured after proton bombardment 
correspond to the concentration of the E4 and E5 traps. This is 
likely to be a more realistic estimate than that deduced from the 
DLTS peak height due to the extreme broadness of these peaks. A
The r e l a t i o n s h i p  b e t w e e n  t h e  t r a p  c o n c e n t r a t i o n  v a l u e s  a n d  t h e
profile taken at 180K when the E3 level can no longer follow the
16 “3measurement signals gave a carrier concentration of 1.75 x 10 cm
(fig 3.2.23). The E3 concentration is equal to the difference
between this value and that of the room temperature profile ie 
15 -32.5 x 10 cm . This shows reasonable agreement with the value
15 -3of approximately 1.8 x 10 cm obtained from DLTS peak heights 
especially when the experimental accuracy (± 5%) of the profile 
plotter is considered.
A profile at 133K was also measured but no further change in carrier
concentration was observed. At this temperature the E2 level, if
present, should no longer follow the measurement signal. The absence
of any detectable change indicates that the maximum possible
concentration of this level is equal to the resolution obtained
15 -3from the profile measurement, ie 1 x 10 cm . It should be noted,
however, that there is some uncertainty in the exact emission rate
of this level as plotted in fig 3.2.22 due to approximations made
-14 2for the capture cross section. -An estimated value of 10 cm was
used to calculate the emission rate since no information was 
available on the precise capture cross section [76] .
A similar profile at 373IC gave an estimate for the E4 level
concentration with the possibility of some contribution from the
E5 level. The difference between the measured value and that at
X 3 —3room temperature gave a concentration of 5 x 10 J cm • (cf 
6 x lO^ "3 cm 3 from fig 3.2.21.)
The above estimates of trap concentrations were confirmed by a 
similar analysis using a Boonton 72A 1 MHz capacitance meter 
interfaced with a PET desktop computer and plotter. The applied
■i 0
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Fig 3*2.23 Carrier Concentration profiles of a proton bombarded
sample (300KeV 1x10 cm ) as a function of temperature
Fig 3»2.24 Carrier concentration nrofile of a samnle before
and after bombardment with 360KeV H+ -. ions.
5
reverse bias was varied manually such that fdC/dV ^  1 s as opposed
9 - 1  . .co 10 s with the automatic profiler. The measurements were thus
taken in different frequency-temperature regions to the automatic
profiles. The results obtained are summarised and compared with
the concentrations obtained from the DLTS peaks and automatic
profiles in table 3.2.2.
Trap
Identity
Manual C-
Profile
Temperatures
-V Profile
Trap
Concentration
Automatic (JAC) 
Profile Trap 
Concentration
DLTS peak 
trap 
Concentration
E3
E4
E5
220K-140K 
273K-220K 
400 K-273 K
15 -3 2.5x10 cm
9 i n 15  - 3 2x10 cm
15 -3 3x10 cm
15 -3 2.5x10 cm
15 -3 5x10 cm
15 -3 1.8x10 cm
i * i n 15  “ 31.5x10 cm
Table 3.2.2 Summary of Trap Concentrations obtained from Profiling 
and DLTS techniques
The behaviour of protons attached to neutral hydrogen molecules
(H* ions) has also been investigated. From theoretical considerations
(section 3.2.1) it would be expected that such ions dissociate into 
three equi-energy protons on impact with the GaAs surface. Carrier 
concentration profiles taken after bombarding with 360 keV H^ ions 
confirm this (fig 3.2.24). The minimum carrier concentration occurs 
at 0.65 ym compared with that obtained experimentally [50 ] of 0.8 ym 
for 120 keV protons. The DLTS spectra obtained for the ions were 
not significantly different from those produced by protons 
fig 3.2.25.
Hall measurements were also used to determine the spatial variation
of the proton induced trap distribution. N type VPE layers, 12.4ym thick,
16 -3with a nominal doping level of 2.6 x 10 cm and
grown on semi-insulating substrates were used. A differential
1 1 2
T(K)
Fig 3.2,25 A comparison of the DLTS spectra produced
by EL and EL ion bombardments,I 5
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analysis of the results based on the van der Pauw method [77] was 
carried out. This method is outlined in appendix A2. Hall measure­
ments were combined with chemical stripping so that carrier 
concentration and mobility profiles up to the semi-insulating 
substrate were obtained. Anodic oxide stripping (appendix A3) was 
used to reduce large errors in depth arising from uncertainties
in the etching rate of most chemical etches. Proton doses of 
12 -21 x 10 cm at several energies were examined. Fig 3.2.26 shows the
results obtained for 110 keV protons. The minimum in the carrier
concentration shows good agreement with the projected peak proton
range. A maximum in the Hall mobility is also observed at this
16 **3point. The carrier concentration shows a recovery to 3 x 10 cm
beyond the peak proton range. This is maintained until the 
substrate is reached at 12.5 ym. Similar plots for 310 keV
and 910 keV protons are shown in
fig 3.2.27 and 3.2.28. The minima in the carrier concentration 
profiles again show good agreement with the projected proton ranges.
3.2.4.3 Annealing Behaviour
Isochronal annealing was carried out on the low dose proton 
bombarded layers and DLTS spectra taken after each anneal.
Preliminary work on unbombarded material showed that the Schottky 
Contacts could withstand a temperature of 573K for one hour 
without changing their room temperature characteristics. It was 
only after annealing at 623K for one hour that the reverse leakage 
current increased and the diodes softened or failed completely.
The carrier concentration profiles were unaffected even after 
treatment at 623K, except for those diodes which failed. This 
indicates that no changes were occurring in the semiconductor bulk. 
Typical results are summarised in table 3.2.3.
1 1 4
Fig 3*2.26 Hall carrier concentration (x) and mobility (®L
profiles after bombardment with a dose of 1x10 cm 
110KeV protons showing the projected peak range Rp
1015J
]fy(310keV)
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Fig 3*2.27 Hall carrier concentration and mobility profiles after
proton bombardment with a dose of 1x10 cm” 310KeV protons
Fig 3*2.28 Hall carrier concentration and mobili^v profiles after
proton bombardment with a dose of 1x10 "cm” JIOKeV protons,
Schottky 
Diode No
Temperature
treatment
Zero bias 
Capacitance
Reverse
Vo.
i )  I=100yA
jakage Cun 
Ltage VR
ii) I=lmA
rent
A V r
C a r r i e r
Concentration
S582 MLl none 25.2 pF 24.33V 32.02V 7.69V i  7  i n 1 6  ~ 3  1.7x10 cm
" NL1 II 24.8 26.72 34.14 7.42 1.65 "
"  PLl II 24.2 30.40 36.92 6.52 1 . 6
" MLl 1 hr at 373K 25.1 22.75 32.02 9.27 1.65 "
"  NLl II 24.4 27.10 34.38 7.28 1.6
"  PLl II 24.0 30.29 37.12 6.83 1.6
"  MLl 1 hr at 473K 23.4 29.80 34.37 4.75 1.75 "
"  NLl ii 23.2 33.10 38.89 5.79 1.7
"  PLl ii 23.0 29.30 38.40 9.10 1.65 "  •
"  MLl 1 hr at 573K 23.5 29.16 34.36 5.2 1.7 "
"  NLl ti 23.0 34.72 38.81 4.09 1.6 "
"  PLl i i 22.8 31.86 38.50 6.64 1.6
MLl 1 hr at 623IC 23.7 10.35 28.18 17.73 1.5
"  NLl It failed
"  PLl II 23.0 28.18 35.68 7.50 1.4 "
Table 3.2.3 Summary of Results for Isochronal Annealing Nickel Schottky 
Diodes
For this and most of the following work the proton energy was 
standardised at 300 keV so that the same samples could be used to 
examine traps in the electronic stopping region and, after 
stripping approximately 2 ym from the surface, those in the 
nuclear stopping region. It was found advisable to limit the 
amount of surface removal as much as possible to avoid degradation 
in the appearance of the surface caused by uneven etching. 
Anodisation etching techniques (appendix A3) were found to give a 
minimal surface degradation but were inconveniently long for 
removal of much more than 2 ym.
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Results of isochronal (1 hour) annealing of traps in the 
electronic and nuclear stopping regions are shown in figs 3.2.29 
and 3.2.30 respectively. The trap concentrations were measured 
from the DLTS peak heights. The decreases in concentration with 
increasing temperature show similar trends in both the electronic 
and nuclear stopping regions. In both cases the E3 level appears to 
anneal out more rapidly than the E4 level and after one hour at 437K 
it has reached the limits of detection for these samples whereas the E4 
level is still present in moderate concentrations. The carrier 
concentration profile has completely recovered to the pre­
bombardment value after 1 hour at 523IC (fig 3.2.31) since the E4 
level concentration is then below the resolution of che profile.
These annealing results indicate that the levels involved are not 
complementary defects such as vacancy interstitial pairs which 
anneal out through mutual annihilation. They also mean that these 
are not the levels responsible for compensation of carriers in high 
dose proton bombarded samples which have been found to retain their 
semi-insulating properties for times in excess of 103 hours at 
683K [50].
12 - 23.2.5 The Effects of Low Proton Doses (1-5 x 10 cm )
In the previous section (3.2.4) the parameters of traps introduced into
12 -2GaAs by very low proton doses (^ 1 x 10 cm ) were determined. However 
the low temperature annealing of these levels showed that 
these were not the levels responsible for the high
temperature stability of GaAs device isolation. A set of samples bombarded
12 - 9with 300 keV protons m  increasing doses (in steps of 1 x 10 cm up to
12 -2y5 x 10 cm 1  were prepared in order to observe changes in the DLTS 
spectra which occurred with increasing resistivity. Doses above
1 1 8
T(K)
Fig 3.2.29 Isochronal (ihr) annealing characteristics of the E5
and E4 proton induced defects^bse^ved in the electronic 
stopping region (300KeV 1x 10 cm""'- proton bombardment)
320 420 520
T (K)
Fig 3.2.30 Isochronal (ihr) annealing characteristics of the E3
and E4 levels observed in the nuclear stopping region. 
(300KeV 2x10 cm"* proton bombardment followed by 
anodisation removal of the top 1.8/ttm)
I1 1 9  !
Fig 3*2.31 Carrier concentration.profiles for a sample bombarded.
with a dose of 1 x 10 cm 300KeY protons. Curve (a) 
shows the profile prior to bombardment and also after 
annealing at 523K for 1hr while curve (b) shows the 
profile after bombardment but prior to annealing.
1 2 - 2  . . . . .5 x 10 cm produced samples with resistivities which were too high
for profiling or. DLTS measurements to be carried out.
The carrier concentration profiles and DLTS spectra for these samples 
are summarised in fig 3.2.32. The general trend is a decrease in 
carrier concentration as the pro ton, ftp se_ is increased., with a minimum value 
occurring around 2ym. The higher dose samples cannot be profiled near the
surface due to the very low carrier concentration which gives rise-to
. . . 1 2 - 2  large minimum depletion widths. For example the 5 x 10 cm sample
has a minimum depletion width of 2.8 ym indicating an average carrier
12 -3concentration between the surface and 2.8 ym of only 5 x 10 cm
The DLTS spectra show a tendency for the deeper (higher temperature)
traps to increase in concentration relative to the E3 level as the dose
is increased. The high temperature spectrum broadens with increasing
dose and the maximum shifts to higher temperatures. The two higher dose
samples show the presence of a new peak around 250K. Later work on
higher dose samples (section 3.2.10.4) indicates that this is not a
genuine peak caused by a new defect but due to the effects of series capacitance
causing a decrease in the DLTS signal around 270K. This interpretation is
supported by the variable activation energies and capture cross-sections
12 -2determined for these peaks. The 4 x 10 cm sample had an
activation energy of 0.80 eV and an estimated capture cross section of
-9 -2 12 -28 x 10 cm whereas the 5 x 10 cm sample had parameters of
0.43 eV and 1.9 x 10 cm2 . These wide variations in apparent trap
parameters are more consistent with the peak position being determined
by the decrease in signal around 270K rather than the thermal emission
properties of a trap.
The high temperature peak present in the three higher dose samples had 
an activation energy of approximately 0.73 eV and a capture cross section
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Fig 3*2.32 Carrier concentration profiles and DLTS spectra for 
samples bombarded with increasing doses of ^OOKeY 
protons.
of 2.8 x 10 cm . It is wrong, however, to attribute such a broad 
peak co a single trapping level and so the calculated trap parameters 
do not have a simple physical interpretation. The DLTS spectrumhas 
thus become more complex with a broad trap spectrum caused by increasing 
dose. The reasons for these charlges are discussed in section (3.2.10.3).
3.2.6 The Behaviour of Moderate Dose (4 x 10^2 - 1 x 10^4 cm 2) Proton 
Bombardments after Annealing
It has been shown in the previous section (3.2.5) how increasing the
proton dose gives rise to greater carrier compensation and increasingly
1 “ ocomplex DLTS spectra. For material with a doping level of 2 x 10 cm J ,
12 -3a dose exceeding 5 x 10 cm renders the carrier concentration below
the level detectable by C-V profiling. It was found necessary to anneal
out partially some of the damage before the remaining (most stable) defects
could be examined. A. preliminary isochronal annealing experiment
14 -2using a 300 keV implanted sample at a dose of 1 x 10 cm showed that
annealing in the region 770-810K enabled profiling to be carried out and
so subsequent samples were annealed in this range. Some annealing of
damage was observed at lower temperatures in samples bombarded with 
12 -2doses of 5 x 10 cm protons or less but complete carrier concentration 
recovery was not attained.
It was not possible to anneal at these high temperatures with Schottky 
contacts on the sample surfaces and so carrier concentration profiling 
was carried out using a mercury probe to form a removable Schottky 
contact. This meant that repeated anneals could be carried our. if the 
carrier concentration had not recovered sufficiently. Once the samples 
were judged to have recovered to the required degree, nickel contacts 
were deposited on the surface and DLTS measurements carried out. In 
order to monitor any possible surface damage arising from the
1 2 2
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high temperature annealing, two sets of unbombarded samples were annealed 
at 773K and 803K for periods up to 2 hours. The resulting carrier 
concentration profiles and trap concentrations from DLTS spectra are 
summarised in table 3.2.4,
1
Anneal Temperature = 7 7 3 K Anneal Temperature = 803K
Anneal
Time
Carrier
Concentration
Trap "A" 
Concentration
Carrier
Concentration
Trap "A" 
Concentration
0.25 hrs 
0.5 
1.0 " 
2.0 "
1.60x10^ cm ^
1.65 "
1.60 "
1.65 "
14 -3 1.7x10 cm
1.4 "
1.4 "
1.2 "
1.9x10^ cm ^ 
1.8 "
1.7 "
1.8 "
13 -3 7x10 cm
8.3 "
10 "
< 6 "
Table 3.2.4 Summary of Annealing Results of Unbombarded VPE Material
Carrier concentration profiles for the two sets of samples were taken before
and after annealing and the results were identical within the reproducibility
of the plotter (+5%). The DLTS spectra showed that only the "A" centre,
common to all VPE material, was present. A decrease in its concentration
compared with its value in an unannealed sample from this slice of material
14 -3(N^ ^  4 x 10 cm ) was observed. The higher temperature anneals produced 
a greater decrease in trap concentration. These results confirmed that no 
measurable degradation of the samples was occurring at these temperatures. 
Subsequent changes observed in proton bombarded material were thus attributable 
to the proton damage rather than thermal degradation of the material.
12 -3 12 -2Samples bombarded with doses of 4 x 10 cm and 6 x 10 cm were annealed
at 773K for 15 minutes to see what recovery of carrier concentration occurred
and whether trapping levels remained. The results (fig 3.2.33) show that the 
1 2 - 24 x 10 cm sample had nearly recovered to its original carrier concentration
and that only a very small high temperature
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Fig; 3*2.33 Carrier concentration profiles and DLTS spectra
for JOOlieV proton bombarded samples after annealing 
at 773K for 0 .25hr.
DLTS peak was present. The 6 x 10 cm sample, however, showed less 
recovery with a noticeable dip in carrier concentration towards the 
surface. This dip is probably genuine rather than being due to frequency 
effects outlined in section 2.2.5 since it occurs over a much larger 
distance than dips due to the partial response of traps to the measurement 
frequencies.
The DLTS spectrum is very interesting as it shows the presence of a peak
~13 ~2with the same trap parameters (Ena - 0.42 eV a = 2.7 x 10 cm ) asna
the E3 level. This was shown (section 3.2.4.3) to anneal out at
temperatures in excess of 473K in very low dose bombarded material. At
first it was thought that its appearance even after annealing at 773K
was due to its formation from the breakdown of a more complex defect. It
was envisaged that a dynamic equilibrium situation in which it was formed
and then annealed out was set up. Subsequent annealing of a sample at
473K for prolonged periods did not result in any decrease in its
concentration however, making this explanation unlikely to be true. The
12 -2high temperature DLTS spectrum of the 6 x 10 cm sample is also
interesting in that it shows the presence of a distinct high temperature
peak with an activation energy of 0.80 eV and apparent capture cross
-13 2section of 1.7 x 10 cm . This is very similar to the "A" centre 
but the peak occurs at a lower temperature than that at which the "A" 
centre appears. This may be due to the influence of the lower temperature 
spectrum on the peak position. The possibility that these two levels 
are the same is further discussed in section (3.2.10.3).
12 ~2 14 -2A number of samples m  the dose range 7 x 10 cm to 1 x 10 cm
were annealed for various times at 773K. The carrier concentration
profiles and DLTS spectra taken after annealing are shown in fig 3.2.34.
The carrier concentrations show varying degrees of recovery with dips
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Fig 5*2.54 Carrier concentration profiles and DLTS spectra after 
bombardment with different doses of 500KeV protons and 
annealing for various times at 773K.
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towards the projected proton range and also towards the surface in the
14 -2cases of the 1 x 10 cm samples. The DLTS spectra show similar trends
to those of the low dose unannealed samples (fig 3,2.32). The low
12 -2temperature peak m  the 7 x 10 cm samples again has parameters
- 1 3  2similar (E - 0.42eV a = 3 x 10 cm ) to those of the na na
E3 level. The high temperature peak had the parameters Ena = 0.93 eV 
-11  -2and a = 1.5 x 10 cm . These are quite similar to chose of the E5na
level although its appearance at a higher temperature make such an 
identity dubious.
1 4 - 2  .The 1 x 10 cm samples show negative going DLTS spectra. From the
theory presented in sections 2.2.4 and 2.3.1 it should be realised that
such peaks represent hole traps in n-type Schottky barrier structures and
are not normally observable unless E^ > > Ep and there are boles
present. Later work (section 3.2.10.4) shows that these are linked with
the dip in the carrier concentration seen at the surface of these
samples and may be related co series capacitance effects rather than
genuine trapping levels. This is true at least in the case of the
negative peak near room temperature. The negative peak at 210K showed
well-behaved emission rate variation and produced an activation energy
-13 2plot with the parameters E = 0.47 eV and a = 5 x 10 cm . Thesena na
are remarkably similar to the E3 level parameters which is normally seen 
as a positive peak at this temperature.
A thermally stimulated capacitance experiment was also performed on this 
sample. Cooling and heating under reverse bias (ie traps empty case) 
gave the expected behaviour without any steps in the capacitance whereas 
cooling under forward bias and heating up under reverse bias gave a 
negative going capacitance step fig 3.2.35. Such a step corresponds to 
a decrease in the net positive space charge density in the depletion 
region and could be caused by hole traps emptying in the n-type region.
128
c
(•25pF/div)
Fig 3*2.35 TSCAP plots taken at a heating rate of 2K per minute 
and a reverse bias of 5V after cooling to 77K under 
forward bias (a) and under reverse bias (b).
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Fig 3*2.36 The capacitance - temperature characteristic of a sample 
exhibiting negative DLTS spectra and TSCAP stens.
This result confirms the behaviour of the DLTS spectrum. An estimate of 
the activation energy of the trap was made by varying the heating rate 
and using the equation
where Ti is the temperature at which the capacitance change is half the 
total, is the heating rate and a is a constant related co the capture 
cross-section. Only an approximate value of activation energy was 
determined however, due to difficulties in controlling the heating rate 
in the cryostat used. A figure of 0.57 eV with an error of probably 
_+ 0.1 eV was determined. This is not too dissimilar from the 0.47 eV 
derived from DLTS.
During the TSCAP run it was noted that the zero bias sample capacitance 
bad a large temperature dependence above room temperature (fig 3.2.36). 
Profiling was carried out at various temperatures to see what effect 
this produced on the measured carrier concentration. The results show 
a complex dependence of both minimum depletion width and carrier 
concentration on the temperature of measurement (fig 3,2.37). The 
measured carrier concentration is highest at low temperatures and constant 
between 133 and 163K. The profile decreases in level and dips towards 
the surface as the temperature is increased up to 273K. Above this 
temperature the sample begins to behave normally and shows the increase 
with increasing temperature expected from simple trapping behaviour.
The minimum depletion widths measured in the low temperature region 
are inconsistent with the variation in concentration since they show a 
decrease while the carrier concentration is also decreasing. Normal 
behaviour of decreasing width with increasing concentration is exhibited 
above 273K. The large minimum depletion widths observed at low
n
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Fig 3.2•37 Carrier concentration as a function of tempe^atur^ 
for a sample bombarded with a dose of 1 x 10 cm” 
300KeV protons after annealing at 77 3K for 2hr and
Fig 3*2.38 Carrier concentration profiles as a function of
temperature^for a sample bombarded with a dose of 
1 x 10 5 cm 500KeV protons after annealing at
773K for 1hr and not exhibiting negative DLTS 
suectra.
temperatures are in agreement with the small low temperature capacitance 
of fig 3i 2.36.
All the evidence from the results in this section indicates that as the
dose is increased the surface region recovers less than the bulk after
annealing. Dips in the carrier concentration towards the surface x<?ere
observed in fig 3.2.34 and the minimum depletion width at low temperatures
is of the order of 1.0 ym. A theoretical depletion width of 0.2 ym is
16 “3predicted for material doped to a level of 1.6 x 10 cm . It seems
most probable that the measurement is being affected by the behaviour
of the surface. Similar carrier concentration profiles at various
13 -2temperatures for the 1 x 10 cm sample showed normal behaviour 
throughout the whole temperature range (fig 2.3.38). The dip at the 
surface in the profile taken at 383K is due to the effect outlined in 
section 2.2.5 and illustrated in fig 2.2.11. The measured carrier 
concentration (N^ + N^) is displaced at the surface because the 
temperature is not high enough for the traps to follow the capacitance 
measurement frequency. This sample did not exhibit any negative DLTS 
spectra, again confirming the link between such spectra and 
irregularities in surface behaviour. Models to explain the behaviour 
of these samples are presented in section (3.2.10.4).
X 4 «23.2.7 Studies of High Proton Doses (4 x 10 cm ) After Annealing
14 -2A number of 300 keV 4 x 10 cm proton bombardments were carried out 
in order to confirm the results of the previous section that high doses 
give rise to poor surface recovery after annealing. Longer anneals 
were also carried out in order to determine whether complete carrier 
recovery to the original doping level prior to bombardment was possible. 
The results obtained are summarised in fig 3.2.39. The carrier
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p-i£r 5.2.39 Carrier concentration profiles and DLTS spectra of samples° “ -\A _ pbombarded with a dose of 4 x 10 Hcm 300KeV protons after 
various anneals.
concentration profiles show that the samples have recovered to varying 
degrees. The depth scales have been corrected to give depths from the 
original surfaces where surface stripping has been performed.
The DLTS spectra show variable results but several general trends are 
discernible. In all samples a high temperature peak was present although
the crap parameters derived from the peaks showed some spread
-1  9 "13 0(E = 0.81-0.93 eV and a = 3 x 10 to 1 x 10 cm ). This lack of na na
consistency in thehigh temperature peak was previously observed in both 
the low dose samples (section 3.2.5) and the intermediate dose samples 
(section 3.2.6). It was attributed to the influence of lower temperature 
peaks, both positive and negative, and this seems the most probable 
explanation in these cases also. Another general trend that was observed 
is a broad negative peak in the region 270-330K. This has been observed 
in the previous sections also and in the present samples is most 
prevalent in those which have not undergone any surface removal after 
annealing. It was necessary to remove 0.8 ym from the surface 
before this disappeared from the DLTS trace. The dip in the carrier 
concentration at the surface of this sample also disappeared after 
stripping.
One sample had 1.5 ym removed from the surface after bombardment but 
before annealing in order to study recovery near the projected proton 
peak range.' This sample still exhibited a large negative peak 
confirming that this was due to an annealing effect rather than a 
surface bombardment effect. Another sample showed a negative peak 
even after 3 hours annealing at 773K and the carrier concentration had 
not recovered to its original level. Clearly higher temperatures are 
needed in order to determine whether complete carrier recovery, 
especially at the surface, is possible.
3.2.8 High Temperature Annealing of Silicon Nitride Encapsulaced 
Proton Bombarded Samples
In the previous section it was noted that carrier recovery was not
complete in high dose proton bombarded samples even after annealing
at 773K for 3 hours. In order to observe whether complete recovery is
possible it was necessary to carry out higher temperature anneals.
Since GaAs surfaces decompose at temperatures around 930 + 100K [78]
it was necessary to encapsulate the GaAs using a silicon nitride
encapsulant deposited by chemical vapour deposition [79]. This was
carried out before proton bombardment to eliminate any annealing effects
during the deposition (which occurs at temperatures up to 973K). In some
cases a capping layer of sputtered silica was deposited on top of the
nitride after bombardment by protons to give additional protection when
annealing at high temperatures.
The behaviour of samples encapsulated and annealed without being proton 
bombarded was investigated in order to ensure chat these processes 
would not cause any surface damage. This procedure bad to be repeated 
with each batch of nitride depositions due to variability in the quality 
of the nitrides. Annealing was carried out at 803K on the first batch 
of samples to compare the results with those obtained for unencapsulated 
samples. Fig 3.2.40 summarises these results. From comparisons of 
results (a) and (b) the deposition of the silicon nitride followed by 
subsequent annealing at 803K for 2 hours and removal in hydrofluoric 
acid produces no change in the measured carrier concentration. There 
is a decrease in the concentration of trap "A" which may have occurred 
during the nitride deposition or the subsequent annealing as previously 
observed in section 3.2.6.
Unfortunately deposition of the silicon nitride meant that carrier 
concentration profiling could not be carried out periodically during
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Fig 3.2.40 Carrier concentration profiles and DLTS spectra showing 
the effects of deposition of Si^N, encapsulant and 
subsequent proton bombardment and/or annealing at 803K.
annealing co determine the state of recovery of the samples. Some 
samples were annealed insufficiently to allow pro-filing to be 
successful (eg 3.2.40 (c)). DLTS traces were taken in these cases
but determination of trap concentrations was not possible because of
the lack of carrier concentration data. Negative peaks and the
-12  2characteristic high temperature peak (Ena ^ 0 . 8 6  eV a = 1 x 10 cm )
were observed however in these and in more fully recovered samples
(fig 3.2.40(d)). The deposition of the nitride did not prevent dips
towards the surface in the measured carrier concentration. This supports
the earlier evidence that these were not a surface decomposition effect.
One sample (fig 3.2.40(e)) was annealed for 6 hours and showed a very
13 -3low concentration of traps (< 5 x 10 cm ) but had not recovered to
its original carrier concentration. This may be related to the very
broad negative DLTS trace observed at low temperatures for this sample.
14 -2Nitride encapsulated samples bombarded with doses of 4 x 10 cm
protons have also been examined (fig 3.2.41 a and b ) . These again
gave results very similar to the unencapsulated samples. Work on
annealing samples at 870-1020K has also been attempted. Unfortunately
results on these were variable due to difficulties experienced in
forming good Schottky contacts after annealing and removal of the
silicon nitride. This was attributed to incomplete surface protection
by the silicon nitride and so later samples also had a capping layer of
silica for additional protection. Typical results obtained for anneals
at 873K are shown in fig 3.2.41 c and d. Recovery of carrier concentration
is still not complete at this temperature and negative DLTS peaks are
present together with the characteristic high temperature peak
~12 2= 0*88 eV a = 3 x 10 cm ) . Similar results were obtained for na na
samples annealed at 973K but samples annealed at 1023 and 1073K showed
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Fig' 3.2.41 Carrier concentration profiles and DLTS spectra for samples
encapsulated in Si^N^, bombarded with various doses of 300KeV 
protons and annealed at 803 and 873K.
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no negative DLTS peaks (fig 3.2.42 and 3.2.43). The only DLTS peak
seen in these samples is the one close to the position of the A centre
peak. This is present in large concentrations in both the bombarded
and the unbombarded samples. Its concentration in material from the
14 -3same growth run is only 1 x 10 cm whereas the measured concentrations 
in these sets of samples are typically an order of magnitude or more 
greater. Since this increased concentration is seen in the 
unbombarded samples also it is not connected with damage associated 
with the protons and may be due to gallium out diffusion through or 
into the silicon nitride (see section 3.4.3.2). The variable carrier 
concentrations also indicate that the semiconductor bulk is being 
affected at these high temperatures. The activation energy for the peak 
varied from sample to sample within the range 0.68-0.79 eV so that even 
without the influence of lower temperature peaks it is variable and does 
not correspond exactly to the A centre.
3.2.9 Methods for Examination of Proton Doses which Render Low Doped 
Material Semi-Insulating
3.2.9.1 Proton Bombardment of Higher Doped Material
In section 3.2.5 it was shown that gradually increasing the dose
16 -3of protons in material doped to a level of 2 x 10 cm resulted 
in an increase in carrier compensation and a broadening of the 
high temperature DLTS peaks. Unfortunately the DLTS spectra 
were affected by the presence of a negative going region just 
above room temperature. This was thought to be caused by effects 
arising from a low carrier concentration in
the surface region. In order to circumvent this problem, or at
least to postpone its effect to higher proton doses, some
. . . . 17 -3samples with an initial carrier concentration of 1.1 x 10 cm
were bombarded with 300 keV protons.
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Fig 3*2.42 Carrier concentration profiles and DLTS spectra of samples 
annealed at 1023K for 0.5hr after encapsulation with Si^N^.
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Fig- 3.2.43 Carrier concentration profiles and DLTS spectra of samples
annealed at 1073K for 0 .25hr after encapsulation with Si^N^.
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A preliminary experiment was carried out in which a sample already 
bonded into a T05 can was placed in the proton beam line. The 
carrier concentration profile was taken in situ while the proton 
dose was gradually increased. This gave an idea of what doses 
could be tolerated before the carrier concentration was reduced 
sufficiently to cause series capacitance effects. The result's 
are shown in fig 3.2.44. The absolute values of carrier 
concentration are to be treated with reservation since the 
bond wire from the Schottky co the post in the T05 can was thick 
enough to prevent part of the sample from being proton bombarded.
This was confirmed by Electron Beam Induced Current (EBIC) 
examination of the sample in a Scanning Electron Microscope (SEM). 
Current was not detected over the bulk of the sample due to the 
presence of large numbers of recombination centres. The electron- 
hole pairs generated by the incident electron beam recombined 
before detection as a current by an external circuit. A filament 
of current under the bond wire was observed however, indicating 
that this area had been shielded from the bombardment. The 
current was detected and used to modulate the intensity of an 
image of the contact on a cathode ray display (fig 3.2.45).
13 -2A set of samples with proton doses ranging from 1 to 8 x 10 cm
were prepared in the conventional manner without bond wires to
complicate matters. The resulting carrier concentration profiles
and DLTS spectra are summarised in fig 3.2.46. The carrier
concentration profiles show a trend similar to that observed in
13 -2fig 3.2.44 as the dose is increased. The 1 x 10 cm dose DLTS trace
1 42
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Fig 3.2.44 Carrier concentration profiles taken in the proton 
beam line as a function of nroton dose.
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Fig 3*2.45 Electron beam induced current (EBIC) measurements 
showing the bond wire shielding the Schottky from 
the proton beam line.
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Fig 3*2.46 Carrier concentration profiles and DLTS spectra 
for 300KeV proton bombardments of material doped 
to a level of 10 ^cm .
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shows a.broadening of the levels normally observed in lower
doped material for lower doses (eg fig 3.2.25). As the dose is
increased the spectrum becomes more complex and there is a
13 -2tendency towards negative traces except m  the 8 x 10 cm 
dose sample. The general trend of broad high temperature DLTS 
peaks dominating the E3 level as the dose is increased can be 
observed.
18 “3Material doped to a level of 1 x 10 cm was also bombarded
13 -2 14 -2with doses of 5 x 10 cm and 1 x 10 cm protons at
300 lceV. The same general trends observed for lower doses in
lower doped materials were observed (fig 3.2.47). Very broad
DLTS spectra were obtained. The peaks corresponding to the E3
13 -2and E4 levels were still distinguishable in the 5 x 10 cm 
sample but there was a large infill of trapping levels between 
them.
The results using higher doped material confirm the theory that
12 -2doses exceeding 5 x 10 cm , which cannot be observed without
16 “3annealing in the standard 2 x 10 cm doped material, give 
rise to broad DLTS peaks. This indicates that a broad spectrum of non­
discrete energy levels is formed. The annealing behaviour of the 
higher doses also confirm that/.the''levels are thermal-ly more s-table‘than 
the low dose levels (fig 3.2.48). The level “with similar parameters.to 
E3 "is ’ still' present even after annealing at 573k’ for one hour.
3.2.9.2 Optical DLTS in the Capacitance (ODLTS) and Current (OTCS)
Modes
A pulsed xenon flash tube was used to illuminate semi-transparent 
Schottky diodes in order to observe hole traps in n-type material.
101 8 -
(c n rf^ o ^ .
10>16
0 •05 
x(jjm
(a) gf = BxlO^3 cm-2
T(K)
Fig 3-2.47 Carrier concentration profiles and DLTS spectra 
for 30OKeV proton bombardment of material doped 
to a level of 10 ®cm .
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Fig 3*2.48 The DLTS spectra and carrier concentration profiles 
of a sample bombarded with a dose of 8 x 10^cm~ 300KeV 
nrotons as a function of anneal temperature
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d)
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carried out using both monochromatic laser sources as well as the
broadband flashtube on unbombarded material are given in
appendix A 5 . The main conclusion from these investigations was
that the sensitivity of ODLTS was not as great as electrical
refilling for electron traps. Consequently the three electron
trapping levels introduced by very low dose proton bombardments
are not observable in the optical mode (fig 3.2.49). A broad
hole trapping spectrum was observed with peaks at 100, 140 and
340K. Only the high temperature peak was large enough to carry
out activation energy measurements and this gave non-physical
-3 2trap parameters and a poor fit (E =1 . 4 4  eV, o -  3 x 10 cmpa pa
2r = 0.985) possibly due to the influence of" the electron-, 
trapping levels on its position.
Samples bombarded with higher doses were also examined. These 
again show broad bole trapping spectra (fig 3.2.50). One dominant bole 
peak at 210K with an activation energy of around 0.43 eV seems to be 
characteristic of the material rather chan the proton bombardment 
as it has been observed in unbombarded material also (appendix A5).
It is similar to the L4 level seen in ODLTS studies by Mittoneau 
et al [24] (fig A5-4) which has been attributed to copper. In 
some samples a hole peak at higher temperatures was also 
observable but as in the low dose sample case activation energy 
determination was hindered by the influence of the higher 
temperature electron trapping levels.
Samples were also examined using the current mode (OTCS) of 
operation outlined in section 2.4.6. This involves the measure­
ment of photocurrent transients between ohmic contacts on semi- 
insulating material. The majority of the samples examined were
1 4 7
D e t a i l s  o f  t h e  e x p e r i m e n t a l  s e t  - u p  a n d  p r e l i m i n a r y  i n v e s t i g a t i o n s
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12  —2Fig 3.2.49 ODLTS spectrum for GaAs bombarded with a dose of 2 x 10 cm
300 keV protons. The positions of the three electron trapping 
levels observed after electrical trap refilling experiments 
are shown.
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'(a) tf>=1013cm-2 T=523K t=1hr
Fig 3.2.50 ODLTS and DLTS spectra for higher dose proton bombardments 
after different anneals.
those which had received single 300 keV proton bombardments. This meant 
that only the first 2.5 ym of the 10 ym thick epitaxial layers on n+ 
substrates was rendered semi-insulating. The resultant leakage currents 
reduced the sensitivity of the measurement and thus there was little 
success in detecting DLTS peaks. Typical examples of the 
broad or small peaks observed are shown in fig 3.2.51.
The optical experiments have not resulted in any further useful 
information on the deep levels occurring after proton 
bombardment. This result is partly due to the lack of sensitivity 
of the method and partly to the sample Structures used. The broadness 
of the spectra are indicative of the spectrum of trapping levels 
present and even an increased sensitivity would probably not 
yield-any further detail.
s
(arb)
0 -
100 ‘ 200 1 ~300 
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(b) (6=4x10+ crrH T= 973K t=0-5hr
Fig 3.2.51 OTCS spectra for high dose proton bombarded samples.
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In this section it is intended to discuss the large numbers of results 
obtained in the previous sections in order to summarise them and to gain 
a clearer physical picture of the effects occurring in proton bombarded 
GaAs. Comparisons with other types of radiation damage will be made 
and models to explain the observed behaviour are proposed. Finally the 
general conclusions to be drawn from these discussions are brought 
together.
3.2.10.1 A Comparison with Damage Produced by Electron Irradiation 
The most striking feature of the results obtained in the very 
low dose samples (section 3.2.4) is their similarity to the 
results of Lang and Kimerling [73] for electron irradiation of 
liquid phase epitaxial (LPE) GaAs. A typical 1 MeV electron 
DLTS spectrum is illustrated in fig 3.2.52. Lang and Kimerling 
used p-n junctions in their work and so they were able to observe 
hole traps in addition to electron traps. The only hole trap 
introduced by irradiation is the Hi level. The H2 and H3 levels 
are characteristic of LPE [17]. Lang and Kimerling used a liquid 
helium (4.2k ) cryostat to observe very shallow electron traps 
which may also be present in proton bombarded VPE GaAs but could 
not be detected in the present work using liquid nitrogen (77k ) 
cryostats. Evidence from section 3.2.4.2 on profiling suggests 
that the E2 level has a maximum concentration of less than 25% 
of the E3 concentration if it is present at all. This is in 
contrast to the electron irradiation case where E3 is approximately 
25% of E2. The values of the trapping parameters from the present 
work are compared with Lang's values in table 3.2.5
3 . 2 . 1 0  A D i s c u s s i o n  o f  t h e  R e s u l t s  O b t a i n e d  b y  P r o t o n  B o m b a r d m e n t  o f
VPE GaAs
Fig 3»2.52 The DLTS spectrum of 1MeV electron irradiated GaAs 
from [73 1 •
Fig 3*2*53 The maximum transmitted energy (T^) and average
transmitted energy (t ) versus incident energy for 
protons, electrons and neutrons in Si from [803 
(energy transfer to the/lattice)
Trap Identity
protor
Ena
(eV)
i irradiated
ana 
(cm-2)
electrc
Ena
(eV)
:n irradiated 
ana
(cm“2 )
E3
E4
E5
0.42
0.70
0.84
-132 x. 10
-121.2 x 10 
2 x lo"11
0.41
0.71
0.90
-132.6 x 10
-138.3 x 10 
3 x lo"11
Table 3.2.5 Comparison of Proton Irradiation Trap Parameters 
with those Obtained for Electron Irradiation from 
[73]
Allowing for the errors previously detailed (section 3.2.4.1) in 
calculating the E5 trap parameters, it is almost certain that the 
trapping levels are the same ones. It should be noted, however, 
that whilst the defects produced by the two types of irradiation 
seem to be identical their relative concentrations differ. It 
has already been stated bow the E2 level concentrations may differ 
relative to the E3 level. A similar difference exists when the 
E3 level is compared with the E4 level. In the electron irradiated 
case the E4 concentration is less than 20% of the E3 value whereas 
they are of comparable magnitude in the proton irradiation case. 
Taken together, these results indicate that there is a trend 
towards deeper levels dominating the DLTS spectrum. An 
exception to this is the fact that the E4 level is a shoulder on 
the E5 peak in the electron irradiation case whereas it is the 
other way round in the proton bombardment DLTS spectrum.
It is not too surprising that the same defects are produced by 
electron and proton irradiation since the defects produced in the 
material are dependent only on the energy transmitted to the 
lattice by the incident particles [80]. Comparisons for protons, 
neutrons and electrons in silicon are shown in fig 3.2. 53. The
average energies transmitted to the lattice by protons and 
electrons differ only by approximately 100 eV. The mean proton 
energy is only slowly dependent on the incident energy. This 
probably accounts for the observed energy independence of the 
defects produced (fig 3.2.15). It should be noted, however, that 
the maximum energy that can be transmitted to the lattice by protons 
is 0.1 MeV compared with 100 eV for electrons. This fact could be 
of importance-when the annealing behaviour of higher dose proton 
bombardments is considered and may be responsible for the 
predominance of deeper trapping levels even in the low dose 
case. No DLTS studies of neutron irradiated GaAs have been 
published but it might be expected that the defects created 
would be dependent on the incident energy and consist of deeper 
more complex defects. Other types of investigation into neutron 
bombardment of GaAs [81,82] indicate that a complex defect energy level 
structure is produced.
The annealing behaviour of the very low dose proton bombardments 
is also very similar to electron irradiation annealing work by Aukerman 
and Graft [83]. Their results for the isochronal annealing of 1 MeV 
electrons as measured by resistivity changes are shown in fig 3.2.54 
This-shows .rapid recoveryis taking place above 473K as has been noted 
in section 3.2.4.3 for proton daEsafee. Lang et al [84] state that the . 
E3 and E5 levels anneal out at the same rate but the E'4 level has a 
different rate. They do not-'say- whether orLnotrit'Is slower to anneal 
out’ a§~ was observed in the present work on proton bombarded samples.
One important difference in the behaviour of electrons and protons 
is the carrier removal rate. In both the work of Lang and 
Kimeriing and that of Aukerman and Graft very large electron doses
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Fig 3-2.54 Isochronal (0.25hx), annealing of electron irradiated 
(0 = 9-3 x 1016cm S = 1MeV) GaAs from 183 J
and Kimerling quote the carrier removal rate as 0.6 cm  ^whereas
proton removal rates as determined in this work are of the order
4 - 1  . . .of. 10 cm . Protons are thus much more efficient at carrier
removal than electrons. Recent work [85] has shown that deuterons
are 10 times more efficient than protons although
the reasons for this are somewhat uncertain and not related
purely to the increased mass of the ion.
The damage produced by very low proton doses is in many ways 
similar to that produced by higher doses of electrons. The 
trapping levels introduced are the same but their introduction 
rates and relative magnitudes are different.. They also exhibit 
similar annealing behaviour.
3.2.10.2 Identification of the Trapping Levels Introduced by 
Very Low Proton Doses
The identification of point defects introduced by light ion
bombardment into silicon is fairly well documented. This has
allowed Kimerling [86] to make reasonably confident assignments
to the peaks observed in DLTS studies of electron irradiated
silicon. The identities of levels introduced into GaAs are
nowhere near so well established [2] and Lang and Kimerling [73]
made no attempt to identify the levels introduced. A comprehensive
review of radiation induced defects in III-V compounds [75]
compared the levels found by DLTS with those deduced from other
techniques but did not put forward any assignments. More recent
work by Lang et al [84] presented arguments to support the case
that all the defects which anneal at around 500K are due co
gallium atom displacements. In particular the E3 level is identified
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as a simple gallium vacancy on the basis of a series of inter­
related theoretical and experimental facts. It was concluded 
that As displacements result in annealing stages below room 
temperature although there is evidence which contradicts this 
[87] . No definite assignments were made for the E4 and E5 
levels although it was suggested that these were related to 
impurities or clusters of defects.
Kol'chenlto and Lomako [88] found that there was no relationship 
between the impurity dopant and the levels introduced into GaAs 
after comparing results using a wide range of dopant species.
This is supported by the fact that the same levels were 
introduced in nominally undoped LPE GaAs [73] as in sulphur 
doped VPE GaAs in the present work. Those levels characteristic 
of the method of growth, the H2 and H3 levels in f'PE and the "A" 
centre in VPE, were not affected by irradiation effects or 
subsequent annealing. Thus although the evidence is that the 
E4 and E5 levels are native defects of some form they are not 
the same ones that are introduced during crystal growth. The 
broadness of the E4 peak (fig 3.2.19) compared with a theoretical 
construction from the measured trap parameters indicates that 
rather than being a simple defect, an extended defect of some 
form or even clusters of defects are formed. The predominance 
of the E4 and E5 levels in the case of bombardment by the 
protons also supports this conclusion since heavy particle
damage results in a greater complexity of defect formation.
\
The conclusion reached in this section is that the defects 
introduced by low proton doses are probably all related to 
gallium displacements. The evidence that the E3 level is a simple
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gallium vacancy is strong. The E4 and E5 have less certainty 
attached co their assignments. The available evidence suggests 
that they too are unrelated to impurity species and are likely 
to consist of extended defects rather than simple point defects.
3.2.10.3 Consideration of the Effects Produced by Increased 
Proton Doses
It has been established that low dose proton bombardments produced 
the same trapping levels as those produced by electron 
irradiation. The annealing characteristics were also similar.
When theproton dose was increased, however, it was found that 
the DLTS spectrum broadened and the deeper levels increased in 
comparison with the concentration of the E3 level (section 3.2.5). 
This was accompanied by the need for higher temperature annealing 
of the radiation damage (section 3.2.6). As the dose was further 
increased it was observed that the surface regions showed a 
slower recovery of carrier concentration than the bulk after 
annealing. Anomalous DLTS spectra were produced (section 3.2.7).
The broadening of the DLTS spectra in the high temperature region 
is consistent with the ideas expressed in the previous section on 
the nature of the E4 and E5 peaks. As the dose is increased the 
number of more complex extended defects and defect clusters should 
also increase. The high temperature annealing stage at around 
770K is also consistent with these ideas and is characteristic of 
damage produced by high doses and heavy ions. Aukerman et al [81] 
have observed two high temperature annealing stages (713K and
17 -2923K) for bombardment of GaAs with high doses (10 cm ) of fast
18 -9neutrons although very high electron doses (10 cm ) still 
recovered around 470K. Several other workers have reported a high
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temperature annealing stage at 673K for high doses (>10 cm “) of
15 -21 MeV electrons or lower doses (10 cm ) of 45 MeV electrons 
[89,90]. Lang [75] points out the trend towards the increased 
temperature spread of the annealing stages as doses and particle 
sizes are increased.
The presence of the E3 level even after annealing for 15 mins at 
773K (fig 3.2.33) is an anomaly since it has been shown to anneal 
out at 473K in very low dose samples. Its presence is much less 
obvious after longer (fig 3.2.34) or higher temperature anneals 
(fig 3.2.39). It has also been observed to be stable in higher 
dose bombardments of high doped material (fig 3.2.48). This 
gives a clue to a possible reason for its appearance. The 
annealing out at fox'/ temperatures may depend on there 
being sufficient sinks for it to anneal at. When these sinks 
have all been used up it is no longer able to anneal out at these 
temperatures.
A similar phenomenon has recently been observed by Pons et ai [91]
16 -3who irradiated VPE GaAs (n - 2 x 10 cm ) xnrith a dose of
1 5 - 2  .8 x 10 cm 1 MeV electrons and performed isochronal annealing
up to 650K. They saw the E3, E4 and E5 levels anneal out leaving
three nex? peaks P1,P2 and P3 which gave rise to distinct shifts
in the DLTS spectrum (fig 3.2.55). It is the Pi peak xtfhich is of
particular interest. They did not observe any annealing of this
level up to 650K. In fact it actually increased in concentration
on annealing up to 600K. It is difficult to know whether the Pi
peak is being observed in the present investigation since Pons et al
calculated that its activation energy is only 0.01 eV 'different from
the E3 level and its capture cross section is indistinguishable.
]_7 - 9
Fig 3-2.55 The DLTS spectra of electron irradiated (a)
and annealed (b) GaAs together with the isochronal 
annealing behaviour of the defect concentration from [91 J
Trap
Identity
Ena
(eV) (cm" )
i Ozeki "A" 0.86 ^7xl0” 13
ii TI iiB n 0.77 ~4xl0 14
iii II IIQII 0.84 -lxl0I13
iv P.O "A" 0.85 6x10"15
V II nipti 0.81 1x10"13
vi Bell "A11 0.83 2.2x10"15
vii LEP II j\H 0.825 1x10~13
1000 
T
Fig 3-2.56 A summary of the activation energy plots and tran 
signatures of high temperature DLTS peaks in GaAs 
compiled from the present work and L76,92j •
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No new level equivalent to PJ was seen to appear in the present 
investigation after annealing out the E3 level at 473K and 
subsequent annealing at 573K.
The E3 peak has been observed to shift in temperature during the 
present work but this has been attributed to its well-known 
electric field dependence [10] . As the carrier concentration 
changes during annealing, the electric field in the depletion 
region will vary even if the applied voltage is kept constant.
It seems inconclusive from the evidence presented whether PI is 
genuinely a different level or not. It is certainly a great 
coincidence that its parameters are so similar to the E3 level. 
Nevertheless the presence of such a level in electron irradiated 
VPE GaAs after annealing at 650K supports the observation of a 
similar level in the present work after annealing proton 
bombarded material at 773K.
The presence of the high temperature peak (referred to as the "Tu
centre hereafter) after annealing may also be significant. It is
unfortunate that the peak position and consequently the measured
activation energy was so often affected by lower temperature
peaks (both positive and negative). The best estimates of its
parameters were obtained from figures 3.2.33(b) and 3.2.39(c)
when it appeared least affected by lower temperature shoulders or
negative peaks. In these samples it yielded trap parameters of
-13 -2E = 0.80-0.81 eV and a - lrl,7 x 10 cm with peak na na
temperatures (at an emission rate of 153 s ) of 378-382K.
Comparison of these values with table 3.1.2 show that its parameters 
are not quite close enough for it to be certain that it is in fact
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the "A" centre that is being observed. Recently two additional 
trapping levels havebeen observed in VPE GaAs by Ozeki et al [92] . 
These have similar activation energies and peak positions to the 
A centre and it was concluded that they were native defects or 
complexes involving native defects. These are compared with the 
activation energy plots for the A centre and the "Tn centre 
observed in the present work in fig 3.2.56.
It is still not conclusive from the data in fig 3.2.56 whether or not 
the "T" centre is the same as the "A" centre or the "C" centre.
Its parameters are very close to the MA" centre as measured by 
Laboratories d'Electronique et de Physique Appliquee (LEP) and 
it has previously been mentioned that its position has been 
observed to shift in temperature by up to 10K from sample to 
sample. This shift may be related to slightly different growth 
conditions affecting the incorporation of the defect in the 
lattice. For example, peak "B" in the work of Ozeki [92] occurred 
in place of peak "A" when the growth temperature was reduced from 
993K to 953K. It is quite possible that the position and 
activation energy of the "T" centre has been altered due to the 
way it has been introduced into the lattice through proton 
irradiation and or subsequent high temperature treatment.
One anomalous result is that the A centre in unbombarded^iaterial 
is seen to decrease in concentration during annealing studies at 
773 and 803K (table 3.2.4) and yet appear in larger concentrations 
after thermal treatment of silicon nitride encapsulated samples 
at 1023 and 1073IC (fig 3.2.47 and 3.2.48). This means that 
either the peaks are not both due to the A centre or that it is
p o s s ib le  co a n n e a l o u t  th e  c e n tre  and r e in t r o d u c e  i t  a t  h ig h e r  
te m p e ra tu re s .  I f  th e  " T "  c e n tr e  i s  th e  same as th e  "A "  c e n t r e  i t  
i s  a v e r y  im p o r ta n t  p ie c e  o f  e v id e n c e  i n  th e  c o n tr o v e r s y  o v e r  th e  
n a tu re  o f  th e  "A "  c e n t r e .  Numerous p a p e rs  have  been p u b lis h e d  i n  
w h ic h  i t  has been a t t r i b u t e d  to  oxygen  [17 ] o r  com p lexes a s s o c ia te d  
w i t h  oxygen  [2 9 ,9 3 ] . R e ce n t e v id e n c e  has shown no d i r e c t  
c o r r e la t i o n  e x is t s  b e tw e en  th e  c o n c e n t r a t io n  o f  th e  "A ”  c e n tre  
and th e  oxygen  c o n c e n t r a t io n  as d e te c te d  b y  S e con d ary  Io n  Mass 
S p e c tro m e try  (S IM s ) [9 4 ] . I f  i t  i s  th e  A c e n tre  w h ic h  i s  b e in g  
d e te c te d  i n  th e  p re s e n t  w o rk  a f t e r  p ro to n  i r r a d i a t i o n  th e n  t h i s  
i s  s u p p o r t iv e  e v id e n c e  f o r  i t s  non a s s ig n m e n t to  oxygen  r e la t e d  
d e fe c ts .  I t s  o c c u r re n c e  a f t e r  m o d e ra te  p ro to n  doses in d ic a te s  
t h a t  i t  i s  p ro b a b ly  a d e fe c t  co m p le x  o f  some fo rm .
3 .2 .1 0 .4  S u r fa c e  C a r r ie r  C o n c e n tra t io n  V a r ia t io n  and Anom alous 
DLTS Peaks
The d ip s  i n  c a r r i e r  c o n c e n t r a t io n  to w a rd s  th e  sam p le  s u r fa c e  and 
th e  a ccom pa ny in g  n e g a t iv e  DLTS s p e c tra  d e s e rv e  f u r t h e r  d is c u s s io n .  
A s im i l a r  o b s e rv a t io n  has been made by T a y lo r  and M organ [9 5 ] 
a f t e r  im p la n ta t io n  o f  S c h o t tk y  d io d e s  w i t h  v a r io u s  s p e c ie s  o f  
io n  (B , 0 , He, Ge) and e x a m in a t io n  u s in g  b o th  th e r m a l ly  
s t im u la te d  c a p a c ita n c e  (TSCAP) and c u r r e n t  (TSC) te c h n iq u e s .
They o b s e rv e d  a TSC t r a c e  o f  th e  w rong  s ig n  a t  c e r t a in  
te m p e ra tu re s .  T h is  in d ic a te d  t h a t  e le c t r o n s  w ere  f lo w in g  i n t o  
th e  m e ta l a f t e r  d e t r a p p in g  i n  th e  s e m ic o n d u c to r  even u n d e r re v e rs e  
b ia s  c o n d i t io n s .  A n e g a t iv e  g o in g  s te p  i n  th e  TSCAP t r a c e  was 
a ls o  seen i n  some cases ( c f  f i g  3 . 2 . 3 5 ) .  They c o n c lu d e d  t h a t  
th e s e  e f f e c t s  w ere  due to  s e v e re  band b e n d in g  a t  th e  s u r fa c e .
T h is  was caused by th e  r a d ia t i o n  damage c r e a t in g  la r g e  num bers o f  
s u r fa c e  s ta te s  ( f i g  3 . 2 . 5 7 ) .  I t  i s  n o t  c le a r  how t h i s  i s
metal, semiconductor 
.Schottky field
'surface state  field
Fig- 3*2.57 The band bending in a Schottky barrier due to 
surface states and the resulting emission of 
electrons from interface states into the metal 
(from [95 ])•
a p p l ic a b le  to  th e  TSCAP r e s u l t s  w h ic h  a re  d e p e n d e n t on s t a t io n a r y  
c h a rg e  i n  th e  d e p le t io n  r e g io n  r a t h e r  th a n  th e  d i r e c t io n  o f  f lo w  
o f  e m it te d  c a r r i e r s  and w h ic h  s h o u ld  n o t  show n e g a t iv e  s te p s .
In  a s u b s e q u e n t p a p e r T a y lo r  and M organ [9 6 ] exam ined  th e  I - V  and 
C-V c h a r a c t e r is t i c s  o f  th e  r a d ia t i o n  damaged d io d e s  and c o n c lu d e d  
t h a t  th e  band b e n d in g  a t  th e  s u r fa c e  was s u f f i c i e n t  to  make t h i s  
la y e r  e f f e c t i v e l y  p - t y p e .  The S c h o t tk y  d io d e  b e h a v io u r  was v e ry  
s im i l a r  to  a p - i - n  s t r u c t u r e  e x h ib i t i n g  a la r g e  d i f f u s i o n  
c a p a c ita n c e  a t  fo rw a rd  b ia s e s  above 0 .4 V . The d io d e s  i n  th e  
p re s e n t i n v e s t i g a t i o n  d id  n o t  have  such c h a r a c t e r is t i c s  b u t  i t  i s  
w o r th  c o n s id e r in g  w h a t th e  e f f e c t s  on th e  DLTS s p e c t ra  w o u ld  be 
i f  th e  s u r fa c e  was i n  f a c t  p - t y p e .  From a c o n s id e r a t io n  o f  th e  
s im p le  a rg u m e n ts  p re s e n te d  i n  s e c t io n  2 .3 .1  o n ly  m a jo r i t y  c a r r i e r  
t r a p s  s h o u ld  be o b s e rv a b le  so t h a t  n e g a t iv e  peaks s h o u ld  n o t  be 
d e te c te d  u s in g  m a jo r i t y  c a r r i e r  p u ls e s .  The e x p e c te d  in c re a s e  i n  
s iz e  o f  th e  peaks when fo rx ^a rd  b ia s in g  xvas c a r r ie d  o u t was n o t  
o b s e rv e d . I f  th e  s i t u a t i o n  i s  as d e p ic te d  i n  f i g  3 .2 .5 7  h o w e v e r, 
and th e r e  a re  h o le s  tra p p e d  i n  th e  v a le n c e  band w h ic h  a re  
p re v e n te d  fro m  re c o m b in in g  x r iith  e le c t r o n s  i n  th e  m e ta l by  th e  
band b e n d in g ,  th e y  w i l l  be a v a i la b le  f o r  t r a p p in g .  A n o th e r  
p o s s i b i l i t y  i s  t h a t  e le c t r o n s  tu n n e l fro m  th e  m e ta l i n t o  
e le c t r o n  t r a p s  i n  th e  p ty p e  s u r fa c e  r e g io n .  T h is  w o u ld  g iv e  
m in o r i t y  c a r r i e r  peaks i n  th e  DLTS s p e c tru m , and c o u ld  e x p la in  
th e  p re s e n c e  o f  th e  peak o c c u r r in g  a t  210K in  f i g  3 .2 .3 4  w h ic h  
had p a ra m e te rs  v e r y  c lo s e  to  th o s e  o f  th e  E3 l e v e l .  The o n ly  
e v id e n c e  f o r  th e  p re s e n c e  o f  la r g e  num bers o f  s u r fa c e  t r a p s
is  th e  b e h a v io u r 'o f  " th e —lo x -7 -c u rre n t I - V  c h a r a c t e r is t i c s  -------— --
o f  th e  sam p les e x h ib i t i n g  n e g a t iv e  p e a ks . An exam ple  o f  t h i s  i s  
shoxm i n  f i g  3 .2 . 5 8 ,  x-There an e xce ss  c u r r e n t  a t  loxtf v o lta g e s  i s  
o b s e rv e d . S im i la r  p lo t s  have  been o b s e rv e d  by S is s o n s  e t  a l  [97 ]
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fro m  S c h o t tk y  d io d e s  w h ic h  e x h ib i t e d  e xcess  n o is e  due to  g e n e r a t io n -  
re c o m b in a t io n  e f f e c t s .  Yu and Snow [9 8 ] a ls o  fo u n d  excess  c u r r e n ts  
a t  lo w  v o lta g e s  a f t e r  e le c t r o n  i r r a d i a t i o n  o f  s i l i c o n  S c h o t tk y  d io d e s .
I t  i s  d o u b t f u l  t h a t  th e  above e x p la n a t io n  a p p l ie s  to  th e  n e g a t iv e  
s p e c tra  a p p e a r in g  a t  room  te m p e ra tu re  (e g  f i g  3 . 2 . 3 9 ) .  L a te r  w o rk  
shows t h a t  a s im i l a r  b e h a v io u r  i s  p re s e n t  i n  IMPATT d io d e  s t r u c t u r e s  
(see  s e c t io n  3 . 3 . 3 . 1 ) .  These have  tw o b a ck  to  back  S c h o t tk y s  so 
t h a t  one i s  fo rw a rd  b ia s e d  and th e  o th e r  re v e rs e  b ia s e d .
E x p e r im e n ts  i n  w h ic h  tw o s e p a ra te  d io d e s  w ere  p la c e d  b a ck  to  b a ck  
w ere  p e r fo rm e d  i n  o rd e r  to  see i f  th e  same b e h a v io u r  o c c u r re d .
D iod es  w h ic h  n o r m a l ly  o n ly  showed m o d e ra te  c o n c e n t r a t io n s  o f  th e  
"A "  c e n t r e  p ro d u c e d  la r g e  n e g a t iv e  DLTS peaks a ro u n d  room  
te m p e ra tu re .  Some exam p les  o f  th e  ty p e  o f  s p e c t ra  p ro d u c e d  a re  
shown i n  f i g  3 .2 .5 9 .  V a r io u s  c o m b in a t io n s  o f  d io d e s  w ere  used  
in c lu d in g  s ta n d a rd  c e ra m ic  c a p a c it o r s  and r e v e rs e  b ia s e d  S c h o t tk y s  
b u t  o n ly  th e  c o m b in a t io n  o f  back  to  back  S c h o t tk y s  p ro d u c e d  th e  
n e g a t iv e  DLTS s p e c t r a .  The o th e r  c o m b in a t io n s  gave  r i s e  to  
anom alous p o s i t i v e  peaks i n  th e  DLTS s p e c tru m . A m ode l d e v e lo p e d  
to  e x p la in  t h i s  b e h a v io u r ,  s im i l a r  to  one due to  S c h ib l i  and M iln e s  
[90 ] i s  o u t l in e d  i n  a p p e n d ix  A 4 .
The d ip s  i n  c a r r i e r  c o n c e n t r a t io n  o c c u r r in g  a t  th e  s u r fa c e  have  
been a t t r i b u t e d  to  i t  b e in g  a s in k  f o r  t r a p p in g  le v e ls .  A n n e a lin g  
o f  lo w  doses o f  h e a v ie r  io n s  [1 0 0 J a ls o  le d  t o  a s im i l a r  c o n c lu s io n  
t h a t  th e  damage v e ry  c lo s e  to  th e  m e ta l-s e m ic o n d u c to r  in t e r f a c e  
a n n e a le d  le s s  r e a d i l y  th a n  t h a t  f u r t h e r  away. I t  i s  p ro b a b le  t h a t
t h i s  h ig h  d e n s i t y  o f  s u r fa c e  t r a p s  i s  r e s p o n s ib le  f o r  th e
*
d i f f i c u l t i e s  e x p e r ie n c e d  i n  p ro d u c in g  h ig h  q u a l i t y  S c h o t tk y  d io d e s
( s e c t io n  3 . 2 . 8 ) .  T h e ir  p re s e n c e  V 7 i l l  g iv e  r i s e  to  r e c o m b in a t io n -
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g e n e r a t io n ,  t u n n e l l i n g  and band b e n d in g  e f f e c t s  w h ic h  w i l l  
c o n t r ib u t e  to  le a k a g e  c u r r e n ts  i n  S c h o t tk y  d io d e s .
A s c a n n in g  e le c t r o n  m ic ro s c o p e  (SEM) in  th e  EBIC mode (se e  f i g  
3 .2 .4 5 )  was used  to  o b s e rv e  th e  e f f e c t s  o f  bom bardm ent w i t h  h ig h  
doses and th e  s u b s e q u e n t a n n e a lin g .  Bombardment caused  a u n ifo rm  
d a rk e n in g  o f  th e  im age due to  p o in t  d e fe c t  fo r m a t io n .  A f t e r  
a n n e a lin g , sam p les w h ic h  showed n e g a t iv e  DLTS peaks and d ip s  i n  
c a r r i e r  c o n c e n t r a t io n  a t  th e  s u r fa c e  w ere  c a r e f u l l y  exam ined  f o r  
e v id e n c e  o f  fo r m a t io n  o f  la r g e r  d e fe c ts  o r  c lu s t e r s  o f  i s o la t e d  
d e fe c ts .  The im ages i n  th e  SEM w ere  s t i l l  u n i fo r m  i n  i n t e n s i t y  
in d i c a t i n g  t h a t  a u n ifo rm  d i s t r i b u t i o n  o f  d e fe c ts  was p re s e n t .
T he re  i s  th u s  no e v id e n c e  t h a t  th e  r e s id u a l  damage i s  caused  by  
th e  d e c o ra t io n  o f  d is lo c a t io n s  o r  fo rm a t io n  o f  d i s lo c a t io n  lo o p s  
as hasbeen  o b s e rv e d  a f t e r  io n  im p la n ta t io n  o f  h e a v ie r  d o p a n t io n s .
3 .2 .1 0 .5  A Summary o f  th e  C o n c lu s io n s  Drawn fro m  th e  Work on P ro to n  
Bom bardment o f  VPE GaAs
Bom bardment o f  VPE GaAs w i t h  v e ry  lo w  doses o f  p ro to n s  
12 -2( < 1 x 1 0  cm ) r e s u l t s  i n  th e  fo rm a t io n  o f  d e fe c ts  whose DLTS 
s p e c t ra  a re  a ls o  c h a r a c t e r i s t i c  o f  e le c t r o n  i r r a d i a t i o n .  P ro to n s  
p ro d u c e  a la r g e  num ber o f  e x te n d e d  d e fe c ts  o r  c lu s t e r s  o f  d e fe c ts  
w h ic h  a re  p ro b a b ly  r e la t e d  to  g a l l iu m  d is p la c e m e n ts .  S m a lle r  
c o n c e n t r a t io n s  o f  p o in t  d e fe c ts  th o u g h t to  be g a l l iu m  v a c a n c ie s ,  
a re  a ls o  p ro d u c e d . E le c t r o n  i r r a d i a t i o n  r e s u l t s  i n  a la r g e r  num ber 
o f  th e  s h a l lo w e r  g a l l iu m  v a c a n c ie s  a t  th e  expense  o f  th e  d e e p e r 
more co m p le x  d e fe c ts .  The a n n e a lin g  b e h a v io u r  o f  th e  p ro to n  
in d u c e d  damage i s  a ls o  c h a r a c t e r i s t i c  o f  e le c t r o n  damage and 
s i g n i f i c a n t  a n n e a lin g  ta k e s  p la c e  a t  te m p e ra tu re s  i n  excess  o f  470K .
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in c id e n t  e n e rg y  i n  th e  ra n g e  60 keV to  1 MeV b u t  a re  d ep en de n t
12 -2on th e  dose when t h i s  i s  in c re a s e d  above 1 x  10 cm 
In c r e a s in g  th e  dose le a d s  to  an in c re a s e d  c o n c e n t r a t io n ' o f  d e e p e r 
m ore com p lex  d e fe c ts  a t  th e  expense o f  th e  g a l l iu m  v a c a n c ie s .
The a n n e a lin g  b e h a v io u r  i s  a ls o  changed and te m p e ra tu re s  i n  th e  
r e g io n  o f  770K a re  n e c e s s a ry  to  p ro d u ce  c a r r i e r  c o n c e n t r a t io n  
re c o v e ry  i n  sam p les w h ic h  h ave  been made s e m i- in s u la t in g  by th e
14 _2
h ig h  p ro to n  doses (up  to  4 x  10 cm ) .  E x a m in a t io n  o f  th e  
r e s id u a l  d e fe c ts  a f t e r  m o s t o f  th e  damage has a n n e a le d  o u t shows 
t h a t  th e  s u r fa c e  o f  th e  sam ple  re c o v e rs  more s lo w ly  th a n  th e  b u lk .
A p re d o m in a n ce  o f  d e e p e r d e fe c t  le v e ls  i s  p re s e n t  a f t e r  th e  
in te r m e d ia te  a n n e a lin g  s ta g e  and th e  t r a p  p a ra m e te rs  o f  th e  
d o m in a n t "T "  c e n tre  a re  s im i l a r  to  th o s e  o f  th e  c h a r a c t e r i s t i c  A 
c e n tre  o f  VPE GaAs. A f u r t h e r  re c o v e ry  s ta g e  a t  1020K r e s u l t s  i n  
a l l  p ro to n  damage b e in g  a n n e a le d  o u t  b u t  an in c re a s e  i n  th e  "T "  
c e n tre  c o n c e n t r a t io n  i s  o b s e rv e d . T h is  o c c u r re d  i n  b o th  bom barded 
and unbom barded sam p les  and was c h a r a c t e r i s t i c  o f  th e  s i l i c o n  n i t r i d e  
e n c a p s u la n t and th e rm a l t r e a tm e n t .  The h ig h  te m p e ra tu re  r e c o v e ry  
s ta g e  i s  s im i l a r  to  t h a t  seen i n  h e a v ie r  d o p a n t io n  im p la n ta t io n  
and em phas ises  th e  s i m i l a r i t y  be tw een  h ig h  dose p ro to n  bom bardm ents 
and h e a v ie r  io n s .
P ro to n  damage in  GaAs has th u s  been  shown to  g iv e  r i s e  to  e f f e c t s  
in te r m e d ia te  to  th o s e  p ro d u c e d  by  e le c t r o n s  and h e a v ie r  io n s .  The 
p ro to n  dose d e te rm in e s  w h ic h  o f  th e s e  i t  re s e m b le s  more c lo s e ly .  T h is  i s
i l l u s t r a t e d  by  th e  d i f f e r e n c e  in  th e  a n n e a lin g  b e h a v io u r  o f  lo w  and h ig h  
dose p ro to n  bom ba rdm en ts . T he re  i s  no e v id e n c e  f o r  p e rm anen t c h e m ic a l 
d o p in g  e f f e c t s  due to  h y d ro g e n  as a re  p ro d u ce d  by h e a v ie r  io n s  such 
as oxygen  f o r  e xam p le .
The defects produced by the protons are independent of the
3 .3  P ro to n  I s o la te d  GaAs IMPATT D io d e s  and R e la te d  S t r u c tu r e s
3 .3 .1  I n t r o d u c t io n
The use o f  p ro to n  i s o l a t i o n  i n  th e  f a b r i c a t i o n  o f  IMPATT d io d e s  
p ro v id e d  th e  m a in  re a s o n  f o r  th e  d e ta i le d  in v e s t ig a t io n  o f  th e  
p ro to n  bom bardm ent o f  VPE GaAs ( s e c t io n  3 . 2 ) ,  A summary o f  th e  
a d v a n ta g e s  and c h a r a c t e r is t i c s  o f  p ro to n  i s o l a t i o n  i n  th e s e  s t r u c t u r e s  
was p re s e n te d  ( s e c t io n  3 . 2 . 0 ) .  I t  has been r e p o r te d  t h a t  s i g n i f i c a n t  
s p re a d in g  o f  p ro to n  damage i n t o  th e  d e v ic e  a re a  b e n e a th  th e  g o ld  
p la te d  c o n ta c t  mask can  o c c u r  ( f i g  3 .3 . 1 )  [ 5 0 ] .  In  f a c t  t h i s  has 
been used to  a d v a n ta g e  i n  a c t u a l l y  d e c re a s in g  th e  d io d e  d ia m e te r  
i n  fre q u e n c y  o p t im iz a t io n  e x p e r im e n ts  [1 0 1 ] .
The p re s e n t  in v e s t i g a t i o n  has  been c a r r ie d  o u t  i n  o rd e r  to  s tu d y  
any p ro to n  damage i n  th e  a c t iv e  d e v ic e  a re a  u s in g  th e  DLTS te c h n iq u e .
T h is  c o u ld  o c c u r  due to  d e fe c t  m ig r a t io n  d u r in g  a c c e le r a te d  l i f e t i m e  
t e s t in g  o f  th e  d io d e s  i n  a d d i t io n  to  th e  n o rm a l s p re a d in g  b e n e a th  
th e  mask d u r in g  b om ba rdm en t. The p re s e n c e  o f  su ch  d e fe c ts  i s  a 
p o s s ib le  cause  o f  s o f te n in g  o f  IMPATT d io d e  S c h o t tk y  c h a r a c t e r is t i c s  
t h a t  has been o b s e rv e d  to  o c c u r  d u r in g  l i f e t e s t i n g  and w h ic h  c o r r e la t e s  
w i t h  a d e c re a s e  i n  th e  e f f i c i e n c y  o f  dc to  r f  pow er c o n v e rs io n .
3 .3 .2  Sample P r e p a ra t io n  and E x p e r im e n ta l P ro c e d u re
The m a jo r i t y  o f  th e  sam p les  w ere  IMPATT d io d e  s t r u c t u r e s  w i t h  tw o 
m u l t i l a y e r  T i- P t - A u  S c h o t tk y  c o n ta c ts  bonded in t o  r f  p a c k a g e s .
They w ere  exam ined  u s in g  DLTS d u r in g  l i f e t e s t i n g  u n d e r a v a la n c h e  
o p e ra t in g  c o n d i t io n s  a t  j u n c t io n  te m p e ra tu re s  o f  573K.
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S im p le r  s t r u c t u r e s ,  h a v in g  o n ly  one S c h o t tk y  c o n ta c t  o f  e i t h e r
T i  o r  T i - P t - A u  to g e th e r  w i t h  an ohm ic  Au-Ge a l lo y e d  c o n ta c t ,  w ere
a ls o  exam ined  u s in g  DLTS i n  c o n ju n c t io n  w i t h  C-V p r o f i l i n g  and
I - V  m ea su rem e n ts . These sam p les  w ere exam ined  b e fo re  and a f t e r
p ro to n  i s o l a t i o n  u s in g  a m u l t i - e n e r g y  d e v ic e  im p la n t  s c h e d u le  o f  
14 -2
doses o f  4 x  10 cm i n  100 lceV s te p s  fro m  200 t o  600 ke V , The 
sam p les w ere  th e n  a n n e a le d  i n  f lo w in g  h yd ro g e n  a t  573K f o r  p e r io d s  
up to  40 h o u rs .  Im p a t t  d io d e  m a t e r ia l ,  p r i o r  to  any f a b r i c a t i o n  
s te p s ,  was a ls o  exam ined  u s in g  th e  c o n v e n t io n a l n i c k e l  S c h o t tk y  c o n ta c ts  
( s e c t io n  3 . 1 . 1 ) .  A summary o f  th e  v a r io u s  s t r u c t u r e s  and th e  
e x p e r im e n ta l p ro c e d u re  i s  p re s e n te d  i n  f i g  3 . 3 . 2 .
3 .3 .3  E x p e r im e n ta l R e s u lts
3 .3 .3 .1  IMPATT D io d e s
A t o t a l  o f  a p p ro x im a te ly  30 IMPATT d io d e s  f a b r ic a t e d  fro m  s l i c e s  o f
d i f f e r e n t  m a te r ia ls  and w i t h  v a r y in g  f a b r i c a t i o n  p ro c e d u re s
w ere  exam ined  d u r in g  l i f e - t e s t i n g .  DLTS t r a c e s  w ere  n o r m a l ly
ta k e n  a t  s e v e r a l re v e rs e  b ia s  v o lta g e s  i n  o rd e r  to  o b s e rv e
16 —3
le v e ls  in  b o th  th e  a v a la n c h e  r e g io n  (n  ”  6 x  10 cm K  x  0 .5  ^ m )
15 -3and th e  lo w e r  doped d r i f t  r e g io n  (n  &  8 x  10 cm x  > 0 .5  ^ r a ) . 
T y p ic a l  DLTS t r a c e s  a re  shown i n  f i g  3 . 3 . 3 .  U n f o r tu n a te ly  th e y  
a re  d o m in a te d  by th e  fo rw a rd  b ia s e d  S c h o t tk y  d io d e  e f f e c t s  
( s e c t io n  3 .2 . 1 0 .4  and a p p e n d ix  A 4 ) .
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Fig 3*3*2 A summary of the structures and tests used in 
the IMPATT diode investigation.
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Fig 3.3*3 A typical set of DLTS spectra for an Impatt diode
taken at different reverse biases:-
a) VR = 0. 7  V xR ~ 0 .2  pm
b) VR = 5V XR ~ 0.35
c.) y r  = 15V XR ~ 0 .7  [M
On r a r e  o c c a s io n s  t r a c e s  w i th o u t  th e s e  e f f e c t s  w ere  o b s e rv e d .
T h is  was a f t e r  th e  IMPATT d io d e  had been on i i f e t e s t  and had 
shown s e v e re  s o f te n in g  o f  th e  c h a r a c t e r is t i c s  o f  b o th  c o n ta c ts .
The la c k  o f  th e  n e g a t iv e  peaks was due to  th e  la r g e  le a k a g e  
c u r r e n ts  m easured  f o r  th e  n o r m a l ly  fo rw a rd  b ia s e d  S c h o t tk y  
c o n ta c t .  These w ere  t y p i c a l l y  10 ( I k  a t  0 .45V  as opposed 
to  0 .9 - 6 . 0  v o l t s  f o r  S c h o t tk y  b a r r ie r s  w h ic h  showed no s ig n s  
o f  s o f t e n in g .  (R e v e rs e  b ia s  le a k a g e  c u r r e n ts  a re  q u o te d  
w he reas th e  S c h o t tk y  d io d e  i s  u n d e r fo rw a rd  b ia s  d u r in g  n o rm a l 
o p e r a t io n  and a ls o  d u r in g  th e  DLTS r u n s .  I t  i s  n o t  p o s s ib le  
to  m easure  th e  fo rw a rd  c h a r a c t e r is t i c s  o f  e i t h e r  S c h o t tk y  d io d e  
because  o f  th e  IMPATT s t r u c t u r e . )  The re a s o n s  f o r  th e  dependence  
o f  th e  DLTS t r a c e  on th e  fo rw a rd  b ia s e d  d io d e  c h a r a c t e r i s t i c  a re  
o u t l in e d  i n  a p p e n d ix  A4.
F ig  3 .3 . 4  shows th e  DLTS t r a c e s  o b ta in e d  f o r  an IMPATT d io d e  whose 
a c t iv e  r e g io n  S c h o t tk y  c o n ta c t  had shown s e v e re  s o f te n in g  
a f t e r  o p e r a t io n  a t  a ju n c t io n  te m p e ra tu re  o f  573K f o r  776 h o u rs .  
O n ly  one t r a c e  has been in c lu d e d  on th e  f i g u r e  f o r  c l a r i t y  b u t  
s im i l a r  t r a c e s  w ere  o b ta in e d  i n  th e  a p p lie d  b ia s  ra n g e  0 .7  to  10V. 
Peaks i n  th e  e x p e c te d  p o s i t io n s  o f  th e  E3, E4 and E5 le v e ls  
w ere  o b s e rv e d . The h ig h  te m p e ra tu re  t r a c e  o f  a d io d e  f a b r ic a te d  
fro m  th e  same s l i c e  p r i o r  to  a ny  a c c e le r a te d  l i f e t e s t i n g  a ls o  
showed a s im i l a r  t r a p  s p e c tru m . T h is  in d ic a t e s  t h a t  th e s e  
le v e ls  a re  p ro b a b ly  p re s e n t  i n  th e  s t r u c t u r e  due to  damage 
s p re a d in g  b e n e a th  th e  mask d u r in g  f a b r i c a t i o n .  The E3 l e v e l  
c o u ld  n o t  be o b s e rv e d  i n  t h i s  sam p le  due to  th e  n e g a t iv e  s p e c t ra  
a t  lo w  te m p e ra tu re s  as shown i n  f i g  3 . 3 . 3 .
Fig 3.3*4 DLTS spectra for degraded (P0124 No.37) and
undegraded (P0124 No 31) IMP ATT diodes and the 
expected positions of proton damage related peaks.
Fig 3*3*5 The DLTS spectrum of an IMP ATT diode
after series Schottky contact had been 
deliberately softened.
S e v e ra l a t te m p ts  w ere  made to  e l im in a te  th e  s e r ie s  fo rw a rd  
b ia s e d  S c h o t tk y  c o n ta c t  fro m  th e  s t r u c t u r e  i n  o rd e r  to  o b s e rv e  th e  
s p e c tru m  p r i o r  to  d e g ra d a t io n  w i th o u t  th e  in t e r f e r e n c e  o f  
th e  n e g a t iv e  s p e c t r a .  P h y s ic a l  re m o v a l o f  th e  c o n ta c t  and 
re p la c e m e n t w i t h  an  o hm ic  one d id  n o t  p ro v e  s u c c e s s fu l .
S o f te n in g  o f  th e  d io d e  c h a r a c t e r i s t i c  was a tte m p te d  by p u ls in g  
th e  d io d e  i n t o  b reakdow n  so t h a t  a ' l a r g e  c u r r e n t  w o u ld  cause  
a th e rm a l s p ik e  i n  th e  lo w e r  doped re v e rs e  b ia s e d  s e r ie s  S c h o t tk y  
d io d e  w i th o u t  a f f e c t i n g  th e  h ig h e r  doped fo rw a rd  b ia s e d  " a c t i v e "  
S c h o t tk y  b a r r i e r .  U n f o r tu n a te ly  i n  m ost ca ses  b o th  S c h o t tk y  c o n ta c ts  
d is in t e g r a t e d  and i n  th e  fe w  s u c c e s s fu l  cases th e  re v e rs e  
c h a r a c t e r i s t i c  o f  th e  " a c t i v e "  S c h o t tk y  d io d e  a ls o  s o f te n e d .  The 
DLTS s p e c t r a  o f  th e s e  d io d e s  a ls o  showed p ro to n  bom bardm ent 
damage peaks ( f i g  3 . 3 . 5 ) .  T h is  in d ic a te d  t h a t  e i t h e r  th e  
m echanism  by w h ic h  th e  S c h o t tk y  c o n ta c t  was a r t i f i c i a l l y  s o fte n e d  
a ls o  caused m ig r a t io n  o f  p ro to n  damage i n t o  th e  a c t iv e  r e g io n  
o r  t h a t  th e  p ro to n  damage was due to  s p re a d in g  b e n e a th  th e  
mask edge d u r in g  b om ba rdm en t. S o f te n in g  o f  th e  IMPATT d io d e  
c h a r a c t e r is t i c s  xvas a ls o  fo u n d  to  o c c u r  d u r in g  p u r e ly  th e rm a l 
a n n e a lin g  a t  a c h ip  te m p e ra tu re  o f  573K. In  o rd e r  to  a v o id  
th e  c o m p lic a t io n s  o f  i n t e r p r e t a t i o n  o f  r e s u l t s  a r i s i n g  fro m  
th e  s e r ie s  c a p a c ita n c e  o f  th e  second S c h o t tk y  c o n ta c t ,  a s e t  o f  
sam p les  w i t h  o n ly  th e  a c t iv e  r e g io n  S c h o t tk y  b a r r i e r  and an 
ohm ic b a ck  c o n ta c t  w ere  p re p a re d  ( f i g  3 .3 . 2 )  and e x a m in e d .
A s e t  o f  t i t a n iu m  and t i t a n iu m - p la t in iu m - g o ld  S c h o t tk y  d io d e s
w i t h  ohm ic  b a c k  c o n ta c ts  w ere  th e r m a l ly  a n n e a le d  i n  f lo w in g
h y d ro g e n  a t  573K. Some o f  th e  d io d e s -b a d  a s u r fa c e  a n o d is a t io n
in
p r i o r  to  S c h o t tk y  d e p o s i t io n ^ o r d e r  to  see i f  th e  s u r fa c e  c o n d i t io n
a f fe c te d  th e  s o f te n in g  b e h a v io u r .  I t  was n o t  n e c e s s a ry  to
o p e ra te  th e s e  d io d e s  i n  a v a la n c h e  s in c e  i t  had been fo u n d
t h a t  IMPATT d io d e s  p ro d u c e d  th e  same s o f te n in g  even  when no c u r r e n t
was f lo w in g  th ro u g h  th e m . A summary o f  t y p i c a l  DLTS t r a c e s ,
c a r r i e r  c o n c e n t r a t io n  p r o f i l e s  and I - V  d a ta  i s  p re s e n te d  i n
f i g  3 . 3 . 6 .  The I - V  d a ta  show t h a t  s i g n i f i c a n t  s o f te n in g  o f
th e  d io d e s ’ re v e rs e  c h a r a c t e r is t i c s  has o c c u r re d  a f t e r  j u s t
one h o u r  a t  573K and i n  g e n e ra l no f u r t h e r  changes a re  o b s e rv e d
up to  40 h r s .  No changes i n  th e  c a r r i e r  c o n c e n t r a t io n  p r o f i l e s
o r  th e  DLTS s p e c t r a  w ere  o b s e rv e d  a f t e r  one h o u r  n o r  w ere
th e re  any s i g n i f i c a n t  d i f f e r e n c e s  a f t e r  40 h o u rs .  The "A "
13 -3c e n t r e  c o n c e n t r a t io n  i n  th e s e  sam p les i s  to o  s m a ll ( ^ 1 0  cm ) 
t o  d e te c t  because  o f  th e  r e l a t i v e l y  h ig h  s h a l lo w  d o n o r c o n c e n t r a t io n .
The above  r e s u l t s  show t h a t  p ro to n  bom bardm ent damage i s  n o t  
n e c e s s a ry  f o r  s o f te n in g  o f  d io d e s  to  o c c u r  a lth o u g h  th e s e  
d io d e s  w ere s o f t e r  th a n  th e  IMPATT d io d e s  p r i o r  to  a ny  th e rm a l 
t r e a tm e n t .  The q u e s t io n  o f  w h e th e r  p ro to n  bom bardm ent damage 
does a p p e a r i n  th e  a c t iv e  r e g io n  a f t e r  a n n e a lin g  i s  n o t  re s o lv e d  
by th e s e  e x p e r im e n ts  and so a n o th e r  s e t  o f  6 sam p les w i th  g o ld  p la te d
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3.3.3.2 Single Schottky IMPATT Structures
180
x(jjm)
Diode No 
and type
Test
current Ohr
Voltage
1hr
afters-
2hr 40hr
284 10 ( I k 0,427V 0.369V 0.436+ 0.357
TiPtAu IR= 10 JX A 9-98 6;-45 8.02 + 5-93
(anodised] I-F 1mA F 0.581 0 . 5 1 1 0.507 0.496
In= 1mA
i t
13-06 9-50 9-09 8.96
271 Ip= 10 m a 0.352 0.345 0 .4 2 4* 0.336
TiPtAu IR= 10 f l A 11.20 4-99 4-46 * 4-68
not anodised) Ip= 1mA 0.489 0.485 0.491 0.493
I_.= 1mA K 14-47 7-00 6 . 3 0 8.70
Ip= 10 0.388 0.377 0.352 0.080
296 I„= 10 U A
XI
10.611 4-589 4 . 8 8 0,137
Ti V  1mA 0.552 0.533 0,541 0.494
’not anodised) Ir= 1*a 13*83 10.32 9-459 7-231
+ I = 100/7 A
Fig 3-3*6 A summary of typical carrier concentration profiles, 
DLTS spectra, and I-V characteristics for Schottky 
diodes annealed at 57 3K.
to p  c o n ta c ts  w ere  exam ined  i n  th e  same way a f t e r  bom bardm ent 
w i t h  a d e v ic e  ty p e  s c h e d u le  o f  p ro to n s  (2 0 0 -6 0 0  keV i n  s te p s  
o f  100 keV and a does o f  4 x  1 0 ^ c m "’ ~pe r s t e p ) .  The r e s u l t s  
fro m  th e s e  sam p les  f e l l  i n t o  tw o g ro u p s  d e p e n d in g  on w h e th e r  
o r  n o t  th e y  had been a n o d is e d . Those w h ic h  had n o t  been 
a n o d is e d  showed c h a r a c t e r is t i c s  v e ry  s im i l a r  to  th e  unbom barded 
s a m p le s . They showed s o f tn e s s  o f  th e  I - V  c h a r a c t e r is t i c s  
a f t e r  a n n e a lin g  a t  573K f o r  one h o u r  b u t th e r e  w ere  no 
s i g n i f i c a n t  changes i n  e i t h e r  th e  c a r r i e r  c o n c e n t r a t io n  p r o f i l e s  
o r  th e  DLTS s p e c t r a  even  a f t e r  a n n e a lin g  f o r  40 h o u rs .
The a n o d is e d  sam p les showed an e n t i r e l y  d i f f e r e n t  b e h a v io u r .
They had v e ry  h ig h  b reakdow n  v o lta g e s  w h ic h  changed d r a s t i c a l l y  
a f t e r  a n n e a lin g  a t  573K ( f i g  3 . 3 . 7 ) .  Even a f t e r  40 h o u rs  
a t  573K th e  v a lu e s  o b ta in e d  w ere  h ig h e r  th a n  th o s e  f o r  th e  o th e r  s e ts  
o f  s a m p le s . Changes i n  th e  c a r r i e r  c o n c e n t r a t io n  and DLTS 
s p e c t ra  a ls o  o c c u r re d ,  i n d i c a t i n g  p ro to n  damage was p re s e n t  
and g r a d u a l ly  a n n e a lin g  o u t .  In  o rd e r  to  s tu d y  t h i s  more 
c a r e f u l l y  lo w e r  te m p e ra tu re  a n n e a ls  a t  453K and 523K w ere  
c a r r ie d  o u t  on f u r t h e r  sam p les  b e fo re  a n n e a lin g  a t  573K.
The DLTS s p e c t r a  and c a r r i e r  c o n c e n t r a t io n s  p r o f i l e s  f o r  t y p i c a l  
e xam p les  a re  shown i n  f i g  3 . 3 . 7 .  These show c l e a r l y  how th e  
a n n e a lin g  o u t  o f  th e  p ro to n  damage i s  l in k e d  w i t h  th e  r e c o v e ry  
o f  th e  c a r r i e r  c o n c e n t r a t io n  p r o f i l e s .  The DLTS s p e c t ra  show 
th e  same a n n e a lin g  b e h a v io u r  e x h ib i t e d  b y  th o s e  sam p les  bom barded 
w i t h  v e r y  lo w  p ro to n  doses ( s e c t io n  3 . 2 . 4 . 3 ) .  The E3 le v e l  a n n e a ls  
o u t  a f t e r  1 h o u r  a t  453K b u t  th e  d ee pe r E4 and E5 le v e ls  show no 
a n n e a lin g  a t  t h i s  te m p e ra tu re .  The c a r r i e r  c o n c e n t r a t io n  p r o f i l e s  
showed no changes a f t e r  1 h o u r  a t  573K. I t  i s  d i f f i c u l t  t o  be c e r t a in
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Voltage after:-
Diode No 
and type
Test
Current
Ohr 
57 3K
1hr
573K
2hr
573K
40hr
573K
PO 122B IF = 1CMA 0.340V 0.363V 0.376V 0.391V
A2 IR = 10/44 16.33 9.505 11.29 9.811
TiPtAu IR = 1 inA 0.683 0.504 0.506 0.519
(anodised) Ir = 1 mA 47.04 13*62 21.98 26.54
PO 122B 4OT-IIfaH 0.605 O .363 0.360 0.379
A4 H II —A o 11.52 9*047 1.621 3*039
TiPtAu L  = 1 mA F 3*76 0.493 0.509 0.523
(anodised) I„ = 1 mAK 53.06 |22.72 12.41 14.98
Fig 3*3*7 A summary of typical carrier concentration profile 
DLTS spectra and I-V characteristics for anodised 
TiPtAu Schottky diodes after proton bombardment 
and subsequent annealing.
a b o u t th e  a b s o lu te  m a g n itu d e s  o f  th e  changes o c c u r r in g  in  
th e s e  p r o f i l e s  s in c e  th e  p ro to n  bom bardm ent damage i s  n o t  
in t ro d u c e d  u n i f o r m ly  o v e r  th e  w h o le  d io d e  a re a .  The same 
d i f f i c u l t y  makes i t  im p o s s ib le  to  e s t im a te  th e  c o n c e n t r a t io n  
o f  t r a p p in g  le v e ls  fro m  th e  DLTS s p e c t ra  and g r e a t l y  a t te n u a te s  
th e  DLTS s ig n a l .
The re a s o n s  f o r  th e  d i f f e r e n t  b e h a v io u r  w ere  th e n  in v e s t ig a t e d .
I t  seemed im p ro b a b le  t h a t  th e  d i f f e r e n c e s  w ere  s o le ly  due 
t o  th e  f a c t  t h a t  th e  sam p les  had been a n o d is e d  s in c e  th e  
unbom barded sam p les  d id  n o t  show such  d i f f e r e n c e s .  The g o ld  
p la t i n g  f o r  th e  tw o s e ts  o f  sam p les had been c a r r ie d  o u t  a t  
d i f f e r e n t  t im e s .  The th ic k n e s s  o f  th e  g o ld  p la t i n g  on th e  
a n o d is e d  sam ple  was s u s p e c te d  as b e in g  le s s  as t h i s  w o u ld  have 
l e t  th ro u g h  th e  m ore e n e r g e t ic  p ro to n s .  T h ic k n e s s  m easurem ents 
w ere  c a r r ie d  o u t  u s in g  th e  SEM and in  f a c t  th e  p la t in g  on th e  
a n o d is e d  sam p les  tu rn e d  o u t  to  be on a v e ra g e , 0 .4  fj,m t h i c k e r  th a n  
t h a t  on th e  n o n -a n o d is e d  s a m p le s . The o n ly  d i f f e r e n c e s  o b s e rv e d  
w ere  t h a t  th e  edges o f  th e  a n o d is e d  sam p les a pp e a re d  to  have 
d e b r is  a ro u n d  th em . In  some ca ses  t h i s  c o n s is te d  o f  l i t t l e  
is la n d s  o f  th e  T iP tA u  m e t a l l i z a t i o n  ( f i g  3 . 3 . 8 ) .  The g o ld  
showed p o o r a d h e s io n  i n  some cases and was a c t u a l l y  d is p la c e d  
fro m  th e  p la t in u m .  The o th e r  ty p e  o f  d e b r is  o b s e rv e d  was 
i d e n t i f i e d  u s in g  th e  SEM i n  th e  E n erg y  D is p e rs iv e  A n a ly s is  
o f  X ra ys  (EDAX) m ode. T h is  in v o lv e s  an a n a ly s is  o f  th e  e le m e n ts  
p re s e n t  fro m  t h e i r  c h a r a c t e r i s t i c  X ra y  e m is s io n  on bom bardm ent
F ig 3 .3 * 8  S c a n n in g  E le c t r o n  m ic ro s c o p e  im ages o f  a  T i  P tA u  a n o d is e d  
S c h o t tk y  d io d e  s h o w in g  p e r ip h e r a l  m e t a l l i s a t i o n .
F ig  3*3*9 S c a n n in g  e le c t r o n  m ic ro s c o p e  im age  o f  a p r o to n
bom barded  T i  P tA u  a n o d is e d  S c h o t tk y  d io d e  s h o w in g  
d e b r is  i d e n t i f i e d  u s in g  EDAX
w i t h  an e le c t r o n  b e a m ., A la r g e  num ber o f  e le m e n ts  w ere 
d e te c te d  in c lu d in g  A g ,A 1 ,A u ,C a ,C l,F e ,K ,P ,S ,  and S i .  S e v e ra l 
o f  th e s e  a re  c h a r a c t e r i s t i c  o f  d e b r is  l e f t  b e h in d  a f t e r  th e  
e v a p o r a t io n  o f  s o lv e n ts  d u r in g  c le a n in g .  Some w ere  p re s e n t  i n  la r g e  
enough  q u a n t i t i e s  ( f i g  3 . 3 . 9 )  to  p re s e n t  a p a r t i a l  b a r r i e r  
to  th e  p ro to n  bom bardm ent a l lo w in g  o n ly  a lo w  dose  o f  p ro to n s  to  
g e t th ro u g h .
The p re s e n c e  o f  d e b r is  a l lo w in g  p a r t i a l  t r a n s m is s io n  o f  p ro to n s  
w o u ld  a c c o u n t f o r  th e  o b s e rv a t io n  o f  p ro to n  damage i n  th e  
DLTS s p e c tru m  b u t  i t  i s  b a rd  to  im a g in e  how su ch  a lo c a l is e d  
e f f e c t  c o u ld  be r e s p o n s ib le  f o r  th e  d ra m a t ic  changes i n  th e  I - V
c h a r a c t e r is t i c s  o b s e rv e d  i n  f i g  3 .3 . 7 .  N or s h o u ld  su ch  a
s m a ll  p a r a l l e l  c a p a c ita n c e  a f f e c t  th e  c a r r i e r  c o n c e n t r a t io n  
p r o f i l e .  These changes a re  i n d i c a t i v e  o f  a m ore  g e n e ra l is e d  
p e n e t r a t io n  o f  th e  g o ld  mask b y  th e  p ro to n s  p e rh a p s  by
bom bardm ent o f  th e s e  sam p les  b y  a h ig h e r  p ro to n  beam e n e rg y  i n  e r r o r .
W h a teve r th e  cause  o f  th e  changes th e s e  e x p e r im e n ts  show th a t  
a n n e a lin g  sam p les  a t  5 7 3K does n o t in t r o d u c e  f u r t h e r  p ro to n  damage 
i n t o  th e  a c t iv e  r e g io n  o f  th e  d e v ic e .
3 . 3 . 3 . 3  IMPATT D io d e  M a te r ia l
Some b a tc h e s  o f  IMPATT d io d e s  e x h ib i t e d  s o f t  S c h o t tk y  
c h a r a c t e r is t i c s  a f t e r  f a b r i c a t i o n  p r i o r  to  a n y  c u r r e n t  o r  
te m p e ra tu re  s t r e s s in g .  T h is  was n o te d  p a r t i c u l a r l y  when m a te r ia l  
fro m  s e v e r a l s o u rc e s  was u s e d . I t  was d e c id e d  to  exam ine 
th e  s t a r t in g  m a t e r ia l  fro m  tw o s o u rc e s , one o f  w h ic h  gave 
h a rd  d io d e s  i n  g e n e ra l and th e  o th e r  s o f t  o n e s .
N ic k e l  and T i-A u  S c h o t tk y s  w ere  fo rm e d  on th e  h ig h e r  doped 
a v a la n c h e  r e g io n  and a ls o  on th e  lo w e r  doped d r i f t  r e g io n  
a f t e r  re m o v a l o f  1 jjm  fro m  th e  s u r fa c e  b y  a n o d is a t io n .  C a r r ie r  
c o n c e n t r a t io n  p r o f i l e s  and DLTS s p e c t ra  w ere  ta k e n  o f  b o th  
r e g io n s .  I d e a l i t y  f a c t o r s  w ere  a ls o  c a lc u la te d  fro m  th e  I - V  
c h a r a c t e r is t i c s  u s in g  th e  e q u a t io n  [ 6 ] .
J = Jo [e x p ©
*  2 / “ T Uwhere J = A T exp (—  o *  \  kT
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eqn 3 .3 .1  
eqn 3 .3 . 2
The v a lu e  o f  th e  i d e a l i t y  f a c t o r ,  n ,  and a ls o  th e  e f f e c t i v e  
S c h o t tk y  b a r r i e r  h e ig h t ,  0e> w ere  c a lc u la te d  u s in g  a le a s t  
s q u a re s  f i t  p ro g ra m  on th e  I - V  d a ta .  L a rg e  v a r ia t io n s  o c c u r re d  
fro m  d io d e  to  d io d e  on th e  same c h ip  o f  m a te r ia l  ( f i g  3 .3 .1 0 )  
so i t  was n o t  s u r p r is in g  to  f i n d  s im i l a r  v a r ia t io n s  when S c h o t tk y s  
on d i f f e r e n t  c h ip s  w ere  co m p a red . A summary o f  th e  i d e a l i t y  
f a c t o r s ,  e f f e c t i v e  b a r r i e r  h e ig h t s ,  c a r r i e r  c o n c e n t r a t io n s  
and DLTS t r a p  c o n c e n t r a t io n s  i s  p re s e n te d  i n  t a b le  3 . 3 . 1 .
Fig 3O-10 The variation of current voltage characteristics and 
ideality factors (n) for 250 f im diameter Schottky 
diodes on the same chip of P0120 material.
M a te r ia l S c h o t tk y I d e a l i t y E f f e c t iv e "A "  C e n tre
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*l*Type A c le a n  b e fo re  S c h o t tk y  E v a p o ra t io n  (H o t T r ic h lo r o e th a n e  
H ot M e th a n o l,  concH^SO^ and co n cH C l)
T a b le  3 .3 .1
Summary o f  C h a r a c t e r is t i c s  o f  IMPATT D io d e  M a te r ia l  From 2 D i f f e r e n t
S o u rc e s .
The c a r r i e r  c o n c e n t r a t io n s  m easured f o r  th e  d i f f e r e n t  m a te r ia ls  were 
v e ry  s im i l a r  as w ere  th e  t r a p  c o n c e n t r a t io n s  o f  th e  c h a r a c t e r i s t i c  f lA" 
c e n t r e  i n  VPE GaAs. T he re  i s  some u n c e r t a in t y  a b o u t th e  t r a p  c o n c e n t r a t io n  
i n  th e  h ig h e r  doped la y e r s  s in c e  th e  DLTS peak was v e r y  s m a ll  due to  
th e  r e l a t i v e l y  h ig h  c a r r i e r  c o n c e n t r a t io n .  No c o r r e la t i o n  be tw een  th e  
v a lu e  o f  th e  i d e a l i t y  f a c t o r  and th e  S c h o t tk y  t y p e ,  s iz e  o r  c a r r i e r  
c o n c e n t r a t io n  was o b s e rv e d . The e f f e c t i v e  b a r r i e r  h e ig h ts  w ere  g r e a te r  
i n  th e  lo w e r  doped S c h o t tk y s  a lth o u g h  t h i s  i s  p ro b a b ly  a s s o c ia te d  w i t h  
th e  im age fo r c e  lo w e r in g  o f  th e  b a r r i e r  [ 6 ] .  I t  was n o t p o s s ib le  to  
p r e d ic t  fro m  th e  m easurem ents  w h ic h  s o u rc e  o f  m a te r ia l  w o u ld  g iv e  r i s e  
to  s o f t  IMPATT d io d e  c h a r a c t e r i s t i c s .  I t  i s  p o s s ib le  t h a t  im p u r i t ie s  
i n  th e  m a t e r ia l ,  w h ic h  a re  n o t  d e te c ta b le  by DLTS, m ig ra te  to  th e  
m e ta l-s e m ic o n d u c to r  i n t e r f a c e  o r  a s s is t  i n  th e  i n t e r d i f f u s i o n  o f  m e ta l 
and s e m ic o n d u c to r  e le m e n ts .  These im p u r i t i e s  may be p re s e n t  i n  one 
m a te r ia l  b u t n o t  th e  o t h e r .
A t th e  o u ts e t  o f  t h i s  in v e s t i g a t i o n  i t  was th o u g h t t h a t  th e  d i f f u s i o n  o f  
r a d ia t io n  in d u c e d  d e fe c ts  was a p o s s ib le  cause  o f  th e  s o f te n in g  
o f  th e  S c h o t tk y  c h a r a c t e r is t i c s  o f  IMPATT d io d e s .  T h is  c o u ld  o c c u r  
fro m  p u r e ly  th e rm a l e f f e c t s  o r  fro m  a re c o m b in a t io n  enhanced d e fe c t  
m o t io n .  The E3 l e v e l ,  f o r  e x a m p le , has been seen to  a n n e a l o u t much 
more r a p id l y  when m in o r i t y  c a r r i e r s  w ere in je c t e d  i n t o  th e  n - r e g io n  
o f  a pn ju n c t io n  [ 1 0 2 ] .  L a te r  w o rk  [1 0 3 ] showed t h a t  d is lo c a t io n s  
a c te d  as s in k s  f o r  t h i s  l e v e l .  I t  was o b s e rv e d  to  in c re a s e  in  
c o n c e n t r a t io n  i n  th e  la s in g  s t r ip e s  o f  d o u b le  h e te r o s t r u c t u r e  la s e r s  
w h ic h  had been f a b r ic a t e d  by  p ro to n  i s o l a t i o n  o f  th e  s u r ro u n d in g  
m a t e r ia l  [ 1 0 4 ] .
M in o r i t y  c a r r i e r s  a re  n o t  d i r e c t l y  in je c te d  i n t o  S c h o t tk y  b a r r i e r
IMPATT s t r u c t u r e s  b u t  th e y  a re  fo rm e d  in  th e  a v a la n c h e  p ro c e s s
and re c o m b in e  w i t h  m a jo r i t y  c a r r i e r s  as th e y  a re  sw ep t to w a rd s  th e  m e ta l
c o n ta c t .  The e n e rg y  f o r  th e  m o t io n  o f  d e fe c ts  comes fro m  th e  re le a s e
o f  e n e rg y  b y  th e  re c o m b in a t io n  p ro c e s s  a t  th e  d e f e c t .  I t  was e n v is a g e d
t h a t  th e  d e fe c ts  p ro d u ce d  by  p ro to n  bom bardm ent c o u ld  have  m ig ra te d
b y  t h i s  p ro c e s s  fro m  th e  edge o f  th e  mask i n t o  th e  a c t iv e  r e g io n
and g iv e n  r i s e  to  r e c o m b in a t io n -g e n e ra t io n  le a k a g e  c u r r e n ts  a t  th e
m e ta l-s e ra ic o n d u c to r  i n t e r f a c e .  T h is  has p ro v e d  n o t  to  be th e  case
f o r  s e v e ra l re a s o n s . The same s o f te n in g  o f  th e  d io d e  o c c u rs  when IMPATTs
a re  th e r m a l ly  s t re s s e d  a t  573K w i th o u t  any c u r r e n t  f lo w in g  th ro u g h
them  and i t  has been p ro v e d  t h a t  no p ro to n  damage m ig ra te s  u n d e r
th e  mask even  a f t e r  40 h o u rs  a t  t h i s  te m p e ra tu re .  B o th  c o n ta c ts  i n
th e  IMPATT s t r u c t u r e  show s o f te n in g  o f  t h e i r  r e v e rs e  b reakdow n
c h a r a c t e r is t i c s  y e t  o n ly  th e  one i n  th e  a v a la n c h e  r e g io n  i s  s u b je c te d
to  th e  p re s e n c e  o f  m in o r i t y  c a r r i e r s .  I t  has a ls o  been shown t h a t  s o f te n in g
s t i l l  o c c u rs  even  when d e v ic e s  have  n o t  been p ro to n  bom ba rded .
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3.3.4 Discussion and Conclusions
The f a c t  t h a t  a v a la n c h e  c o n d i t io n s  a re  n o t  needed to  p ro d u c e  th e
s o f te n in g  means t h a t  i t  i s  n o t  a re c o m b in a tio n -e n h a n c e d  d e fe c t
p ro c e s s  t h a t  i s  r e s p o n s ib le .  Such p ro c e s s e s  have  been o b s e rv e d
i n  p la t in u m  S c h o t tk y  IMPATT d io d e s  [1 0 5 ] b u t f a i l u r e  i n  th e s e  cases
te n d s  to  be accom pan ied  b y  in c re a s e s  i n  b reakdow n  v o lt a g e  and d r a s t i c
changes i n  th e  c a r r i e r  c o n c e n t r a t io n  p r o f i l e s  up. to  d e p th s  o f
1 .0  /im . B a lla m y  and K im e r l in g  [1 0 5 ] fo u n d  t h a t  a d i f f u s i o n  b a r r i e r
o f  t i t a n iu m  p re v e n te d  t h i s  o c c u r re n c e .  S in c e  s im i l a r  s o f te n in g
has been o b s e rv e d  i n  th e  p re s e n t  in v e s t i g a t i o n  f o r  t i t a n iu m  d io d e s
i t  i s  u n l i k e l y  t h a t  th e  d e g ra d a t io n  i n  th e  m u l t i - l a y e r  T i-P t -A u
s t r u c t u r e s  i s  o c c u r r in g  due to  f a i l u r e  o f  th e  t i t a n iu m  b a r r i e r
a l lo w in g  d i f f u s i o n  o f  p la t in u m  o r  g o ld  in t o  th e  GaAs. S m ith  [1 0 6 ]
has r e p o r te d  a s im i l a r  r e c o m b in a t io n  enhanced d i f f u s i o n  o f  ch rom ium
i n t o  GaAs when i t  i s  used  as th e  S c h o t tk y  b a r r i e r  m a t e r ia l .  As
i n  th e  case  o f  p la t in u m ,  th e  d ro p  i n  th e  c a r r i e r  c o n c e n t r a t io n
i n  th e  h ig h ly  doped r e g io n  and th e  r e s u l t in g  in c re a s e  i n  b reakdow n
v o lt a g e  w ere  v e ry  n o t ic e a b le  ( f i g  3 . 3 . 1 1 ) .  S m ith  a ls o  fo u n d  a
s im i l a r  p ro b le m  w i th  t i t a n iu m  c o n ta c ts  d e p o s ite d  by e le c t r o n  beam
e v a p o r a t io n  b u t  n o t  when e v a p o ra te d  fro m  a tu n g s te n  f i l a m e n t .  F u r th e r
a n a ly s is  showed ch rom ium  c o n ta m in a t io n  o f  th e  e le c t r o n  beam e v a p o ra te d
t i t a n iu m .  DLTS r e s u l t s  showed th e  p re se n ce  o f  a num ber o f  c lo s e ly
spaced  e le c t r o n  t r a p s  b e tw een  0 .3  and 0 .5  eV b e lo w  th e  c o n d u c t io n
band i n  th e  d eg ra d e d  IMPATTS. The d e n s i t y  o f  th e s e  t r a p p in g  le v e ls
was n o t  s ta te d  b u t  th e y  d id  show an in c re a s e  i n  c o n c e n t r a t io n  to w a rd s
th e  S c h o t tk y  b a r r i e r .  No l e v e l  a s s o c ia te d  w i t h  ch ro m iu m , as
has been o b s e rv e d  a t  E - 0 .6 1  eV by  Lang and Logan [ 1 7 ] ,  was r e p o r te d .
c
T h is  i s  n o t  as s u r p r is in g  as i t  may a t  f i r s t  a p p e a r f o r  when th e  
b e h a v io u r  o f  ch rom ium  i s  s tu d ie d  ( s e c t io n  3 . 4 . 2 . 3 )  .f t  w i l l  be seen t h a t  
i t s  m id -g a p  p o s i t i o n  makes DLTS v e ry  in s e n s i t i v e  to  i t s  d e t e c t io n .
1 90
1 91
Vg=30V 
Vr =48V 
Vb =56V
F ig  3 *3*11  C a r r ie r  c o n c e n t r a t io n  and v o lt a g e  b re akd ow n  change
on degradation ox Cr Schottky HIPATT diodes from [106j
The d e g ra d a t io n  t h a t  has been o b s e rv e d  in  th e  p re s e n t  i n v e s t ig a t io n  
i s  n o t  so d r a s t i c  as t h a t  p r e v io u s ly  r e p o r te d .  No m e a s u ra b le  changes 
i n  th e  c a r r i e r  c o n c e n t r a t io n  o c c u r  and a r e d u c t io n  i n  th e  re v e rs e  
b ia s  b reakdow n  v o l t a g e  o c c u rs  r a t h e r  th a n  an in c r e a s e .  I t  i s  p o s s ib le  
t h a t  th e  t i t a n iu m  o r  some c o n ta m in a n t such  as ch rom ium  i s  d i f f u s i n g  
i n t o  th e  s e m ic o n d u c to r  b y  th e rm a l p ro c e s s e s  c r e a t in g  e x t r a  r e c o m b in a t io n -  
g e n e r a t io n  c e n t r e s  n e a r  th e  m e ta l-s e m ic o n d u c to r  i n t e r f a c e .  These 
w o u ld  g iv e  r i s e  to  l a r g e r  le a k a g e  c u r r e n ts  and th e  o b s e rv e d  s o f te n in g  
o f  th e  S c h o t tk y  c h a r a c t e r i s t i c .  These le v e ls  a re  n o t  in  s u f f i c i e n t  
num bers to  a f f e c t  th e  c a r r i e r  c o n c e n t r a t io n  beyond th e  z e ro -b ia s  
d e p le t io n  w id t h .  They have  n o t  been d e te c te d  by DLTS.
I t  has been r e p o r te d  [1 0 7 ] t h a t  t i t a n iu m  i s  s ta b le  a g a in s t  
i n t e r d i f f u s i o n  u p to  673K . More r e c e n t  w o rk  b y  th e  same w o rk e rs  
[1 0 8 ] has shown t h a t  t i t a n iu m  i n  T iP tA u  S c h o t tk y s  shows a s l i g h t  
i n t e r d i f f u s i o n  w i t h  GaAs a t  room te m p e ra tu re .  A t 523K th e re  i s  
s l i g h t  As and some Ga o u t d i f f u s io n  i n t o  th e  t i t a n iu m  accom pan ied  
b y  some P t d i f f u s i o n  th ro u g h  th e  t i t a n iu m  in t o  th e  GaAs. These 
m echanism s a re  p o s s ib ly  o c c u r r in g  i n  th e  p re s e n t  i n v e s t ig a t io n  
b u t  te c h n iq u e s  su ch  as R u th e r fo r d  b a c lc s c a t te r in g  (RBS) o r  S econdary  
io n  mass s p e c t ro m e try  (S IM S ) a re  needed f o r  d e t e c t io n .  These te c h n iq u e s  
a re  beyond th e  scope o f  t h i s  w o rk  and may n o t  have  th e  s e n s i t i v i t y  
t o  d e te c t  th e  lo w  c o n c e n t r a t io n s  i n  th e  p re s e n t  s a m p le s .
3 .4  G a lliu m  A rs e n id e  F ie ld  E f f e c t  T r a n s is t o r  (FE T) M a te r ia ls  and D e v ic e s
3 .4 .1  I n t r o d u c t io n  and Scope o f  Work
G a lliu m  a rs e n id e  f i e l d - e f f e c t  te c h n o lo g y  i s  now o v e r  te n  y e a rs
o ld  and th e  d e v e lo p m e n t o f  th e  MESFET as a lo w  n o is e  m ic ro w a ve
a m p l i f i e r  has le d  to  g re a t  a c t i v i t y  i n  th e  g ro w th  o f  m a te r ia ls  and i n  t h e i r
c h a r a c t e r is a t io n .  I t  has been shown t h a t  f u l l  c h a r a c t e r is a t io n
o f  th e  g row n m a te r ia ls  i s  needed f o r  h ig h  q u a l i t y  d e v ic e  f a b r i c a t i o n .
I n  p a r t i c u l a r  deep le v e ls  have  p ro v e d  to  be d e le t e r io u s  to  d e v ic e  
o p e r a t io n .  I t  i s  th e  i n t e n t i o n  i n  t h i s  in v e s t ig a t io n  t o  c o n c e n tra te  
on c e r t a in  a s p e c ts  o f  FET te c h n o lo g y  w here deep le v e ls  have  been 
o b s e rv e d  to  be a p ro b le m . In  p a r t i c u l a r ,  t r a p s  o c c u r r in g  i n  th e  
c h a n n e l r e g io n  and i t s  i n t e r f a c e  w i t h  th e  s e r a i- in s u la t in g  b u f f e r  
la y e r  o f  VPE m a te r ia ls  a re  e x a m in e d . Those a s s o c ia te d  w i t h  th e  
d e v e lo p m e n t o f  io n - im p la n t a t io n  as a te c h n iq u e  f o r  p ro d u c t io n  
o f  t h i n  la y e r s  o f  u n i fo rm  th ic k n e s s  f o r  s m a ll o r  medium s c a le  
i n t e g r a t i o n  o f  FET c i r c u i t s  a re  a ls o  in v e s t ig a te d .
3 .4 .2  T ra p p in g  L e v e ls  i n  VPE M a te r ia ls  and FETs
3 .4 . 2 .1  I n t r o d u c t io n
One o f  th e  a d v a n ta g e s  o f  th e  f a b r i c a t i o n  o f  FET s t r u c t u r e s  i n  
GaAs as opposed to  s i l i c o n  i s  th e  a b i l i t y  to  fo rm  s e m i- in s u la t in g  
la y e r s  by  d o p in g  w i th  ch rom ium  f o r  e x a m p le . H owever i t  was 
soon d is c o v e re d  [1 0 9 ] t h a t  lo o p in g  o f  th e  dc c h a r a c t e r is t i c s  
and lo w  e le c t r o n  m o b i l i t y  i n  th e  n ty p e  a c t iv e  la y e r  o r ig in a t e d  
fro m  deep le v e l  im p u r i t i e s  i n  th e  s e m i - in s u la t in g  s u b s t r a t e .
The in c o r p o r a t io n  o f  an e p i t a x i a l  b u f f e r  la y e r  o f  h ig h  
r e s i s t i v i t y  b e tw e en  th e  s e r a i- in s u la t in g  s u b s t r a te  and th e  
a c t iv e  la y e r  has  been shown t o  re d u c e  th e s e  e f f e c t s  [1 1 0 ] 
and t h i s  i s  now s ta n d a rd  p ro c e d u re  i n  g ro w th  o f  VPE FET la y e r s .
T r a n s ie n t  c a p a c ita n c e  m easurem ents  have  been c a r r ie d  o u t  on 
FET ty p e  d e v ic e s  w i t h  and w i t h o u t  Cr doped L P E b u ffe r  la y e r s  
[ 1 1 1 ] .  No t r a p s  w ere  d e te c te d  i n  th e  b u f f e r e d  la y e r s  w hereas 
two h o le  t r a p s  w ere  fo u n d  s i t u a te d  a t  th e  s u b s t r a te - c h a n n e l 
■ in te r fa c e .  S im i la r  b e h a v io u r  has a ls o  been fo u n d  i n  s t r u c t u r e s  
w i t h  Fe doped VPE b u f f e r  la y e r s  [1 1 2 ] fro m  an a n a ly s is  o f  b o th  th e  
d r a in  s a t u r a t io n  c u r r e n t  and t r a n s ie n t  c a p a c ita n c e .  P r io r  to  
th e s e  r e s u l t s  o n ly  e le c t r o n  t r a p s  had been r e p o r te d  i n  FET 
la y e r s  [ 2 9 ] .  Long te rm  d r i f t  o f  th e  d r a in  c u r r e n t  and r f  
p a ra m e te rs  has been o b s e rv e d  i n  GaAs FETs w i t h  a b u f f e r  la y e r
[1 1 3 ] .  Some o f  th e s e  e f f e c t s  w ere  a s c r ib e d  to  s u r fa c e  c h a rg e s
on th e  a c t iv e  la y e r  and w ere  re d u c e d , b u t  n o t  e n t i r e l y  e l im in a t e d ,  
b y  s u r fa c e  e t c h in g .  A r e c e n t  i n v e s t ig a t io n  i n t o  th e s e  p ro b le m s
[1 1 4 ] has fo u n d  t h a t  lo n g  te rm  d r i f t  i s  a ls o  due to  i n t e r f a c i a l  
p ro b le m s  be tw e en  th e  a c t iv e  and b u f f e r  la y e r s  and b u f f e r
and s u b s t r a t e .  S ubsequen t w o rk  b y  th e  same a u th o r s ,  I t o b  
and Y a n a i,  [1 1 5 ] has used DLTS to  in v e s t ig a t e  th e s e  e f f e c t s .
H o le  t r a p s  w ere  d e te c te d  a t  th e s e  in t e r f a c e s  
and i n  th e  b u f f e r  la y e r  i t s e l f .  Chrom ium was fo u n d  to  be 
r e s p o n s ib le  f o r  th e  d r a in  c u r r e n t  d r i f t .  A d i r e c t  c o r r e la t i o n  
be tw een  th e  p re s e n c e  o f  a h o le  t r a p  a t  th e  a c t i v e - b u f f e r  la y e r  
i n t e r f a c e  w i t h  v a r ia t io n s  i n  th e  d e v ic e  tra n s c o n d u c ta n c e  w i t h  
f re q u e n c y  has a ls o  been made u s in g  DLTS [ 3 1 ] .
3 . 4 . 2 . 2  E x p e r im e n ta l R e s u lts  on FET la y e r s  and Long g a te  (JUMBO) FETs 
The m a jo r i t y  o f  th e  r e s u l t s  o b ta in e d  have been fro m  DLTS i n  
th e  c a p a c ita n c e  mode u s in g  S c h o t tk y  c o n ta c ts  to g e th e r  w i t h  
In  o r  A u /G e /N i a l lo y e d  ohm ic  c o n ta c ts  on th e  e p i t a x ia l  l a y e r .
P ro b lem s  i n  th e  i n t e r p r e t a t i o n  and i n  th e  r e p r o d u c i b i l i t y  o f  r e s u l t s  
have  been e x p e r ie n c e d  due to  s e r ie s  r e s is ta n c e  e f f e c t s  a r i s i n g  
fro m  th e  th in n e s s  o f  th e  e p i t a x ia l  n ty p e  la y e r  (< 0 .5  /Ira ) .
S im i la r  p ro b le m s  have  been shown to  a f f e c t  th e  c a r r i e r
c o n c e n t r a t io n  p r o f i l e s  o f  th e s e  la y e r s  [ 3 0 ] .  In  o rd e r  to
i l l u s t r a t e  th e s e  e f f e c t s  a s e r ie s  o f  c a p a c ita n c e  re a d in g s
w ere  ta k e n  on an a r r a y  o f  n ic k e l  S c h o t tk y  c o n ta c ts  a t  v a r io u s  d is ta n c e s
fro m  th e  ohm ic  c o n ta c t  and com pared w i t h  b o th  t h e o r e t i c a l
p r e d ic t io n s  and v a lu e s  c o r r e c te d  f o r  th e  s e r ie s  r e s is ta n c e
( f i g  3 . 4 . 1 ) .  These r e s u l t s  show t h a t  th e  e f f e c t s  a re  g r e a te s t
f o r  d io d e s  w h ic h  a re  f u r t h e s t  away fro m  th e  ohm ic
c o n ta c t  and w h ic h  have  la r g e  v a lu e s  o f  c a p a c ita n c e .  As e x p e c te d
fro m  th e  s im p le  e q u iv a le n t  c i r c u i t ,  th e  e f f e c t  on th e  m easured
c a p a c ita n c e  i s  le s s  s e v e re  f o r  s m a ll c a p a c ita n c e s .  The d is c r e p a n c ie s
be tw een  th e  c o r r e c te d  v a lu e s  and t h e o r e t i c a l  v a lu e s  p ro b a b ly
a r is e  fro m  th e  u n d e re s t im a te  o f  th e  s e r ie s  r e s is ta n c e  v a lu e s .
These w ere  c a lc u la te d  fro m  m easurem ents o f  th e  fo rw a rd  b ia s  
s lo p e  r e s is t a n c e ,  (w hen th e  d e p le t io n  r e g io n  w id th  i s  s m a l le r  
th a n  a t  z e ro  b ia s . )
In  o rd e r  to  m in im is e  th e  e f f e c t s  o u t l in e d  a b o v e , s m a ll  d ia m e te r  
S c h o t tk y  c o n ta c ts  c lo s e  to  th e  ohm ic c o n ta c t  w ere used w h e re v e r p o s s ib le  
C a r r ie r  c o n c e n t r a t io n  p r o f i l e s  u s in g  t h i s  ty p e  o f  s t r u c t u r e  
w ere  a ls o  a f f e c t e d  ( f i g  3 . 4 . 2 ) .  In  p a r t i c u l a r  a s e n s i t i v i t y  
to  th e  p re s e n c e  o f  an o r d in a r y  lo w  pow er (15W) b u lb  used to
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Fig 3.4*1 An illustration of the problem of capacitance measurements 
on thin epitaxial layers.
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Fig 3*4*2 The variability and light sensitivity of carrier 
concentration profiles using Ni Schottkys on thin 
epitaxial layers.
197
i l l u m in a t e  th e  p ro b e  ta b le  was o b s e rv e d . Less v a r i a b i l i t y  
was o b s e rv e d  when a d o u b le -m e m o ry  p ro b e  m ethod [1 1 6 ] ( i n  
th e  d a rk )  was used to g e th e r  w i t h  a phase m e te r  to  m o n ito r  
s e r ie s  r e s is ta n c e  e f f e c t s .
S e n s i t i v i t y  o f  th e  m easured  c a r r i e r  c o n c e n t r a t io n  to  l i g h t  has
been o b s e rv e d  p r e v io u s ly  [1 1 7 ] to  be caused  b y  d e fe c ts  i n
th e  h ig h  r e s i s t i v i t y  b u f f e r  l a y e r .  An e m p ir ic a l  t e s t  was
d e v is e d  [1 1 7 ] to  a l lo w  s e le c t io n  o f  w a fe rs  w i t h  a m inimum
c o n c e n t r a t io n  o f  t r a p s .  T h is  in v o lv e d  d e p o s i t in g  ohm ic
c o n ta c ts  o n to  th e  a c t iv e  la y e r  and p r o g r e s s iv e ly  e tc h in g
t h i s  away w h i l s t  m o n ito r in g  th e  c o n ta c t  r e s is ta n c e  in  b o th
th e  l i g h t  and th e  d a r k .  I t  was fo u n d  t h a t  r e s i s t i v i t i e s
£
o f  b u f f e r  la y e r s  i n  e xce ss  o f  10 f l  cm w ere  o b s e rv e d  i n  th e  d a r k .  
Those w h ic h  exceeded  l O f l c m  u n d e r i l l u m in a t io n  fro m  a s t r o n g  
m ic ro s c o p e  lam p w ere  fo u n d  to  p ro d u ce  d e v ic e s  w i t h  a c c e p ta b le  t r a p  
c o n c e n t r a t io n s .  T h is  p ro c e d u re  was c a r r ie d  o u t  i n  th e  p re s e n t 
in v e s t i g a t i o n  i n  o rd e r  to  see i f  t h i s  was th e  re a s o n  f o r  th e  
dependence  o f  th e  c a r r i e r  c o n c e n t r a t io n  on th e  p re s e n c e  o f  l i g h t .  
The r e s u l t s  ( f i g  3 . 4 . 3 )  show t h a t  th e  r e s i s t i v i t y  o f  th e  b u f f e r  
la y e r  was a c c e p ta b le  w i t h  a v a lu e  o f  a ro u n d  104 f r  cm u n d e r 
i l l u m i n a t i o n .
DLTS s p e c t ra  w ere  o n ly  ta k e n  a t  v e ry  lo w  v a lu e s  o f  re v e rs e  
b ia s  i n  o rd e r  to  a v o id  s e v e re  s e r ie s  r e s is ta n c e  p ro b le m s  as 
th e  d e p le t io n  la y e r  a p p ro a ch e d  th e  b u f f e r  la y e r  i n t e r f a c e .
F ig  3 .4 . 4  shows t y p i c a l  DLTS s p e c t ra  to g e th e r  w i t h  th e  c a r r i e r  
c o n c e n t r a t io n  p r o f i l e s  ta k e n  a t  s e v e r a l p o in t s  on th e  s l i c e  
u s in g  th e  d o u b le  p ro b e  m ethod  b e fo re  e v a p o ra t io n  o f  n ic k e l  
c o n ta c ts .  O n ly  a s m a ll  b ro a d  DLTS peak c e n tre d  a ro u n d  th e  
e x p e c te d  p o s i t i o n  o f  th e  "A "  c e n tre  was o b s e rv e d . The e s t im a te d  
t r a p  c o n c e n t r a t io n  o f  4 x  1 0 l4 cm-3  a g re e s  w i t h  p re v io u s  
c o n c e n t r a t io n s  o f  t h i s  l e v e l  o b s e rv e d  i n  o th e r  VPE la y e r s .
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Fig 3*4*4 Carrier concentration profiles and DLTS spectra
showing the expected position of the A centre for a 
GaAs FET layer (P0114)
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Fig 3*4*5 The circuit used to carry out resistance 
mode DLTS on FET structures
The peak was to o  s m a ll  (b e ca u se  o f  th e  h ig h  c a r r i e r  c o n c e n t r a t io n )  
and to o  b ro a d , to  ch e ck  i t s  a c t i v a t i o n  e n e rg y  i n  any o f  th e
/  V
sam p les examined--*
More r e v e a l in g  r e s u l t s  w ere  o b ta in e d  b y  th e  e x a m in a t io n  o f
JUMBO FET s t r u c t u r e s  a l lo w in g  r e s is ta n c e  mode (R D LTS ), i n  a d d i t io n
to  c a p a c ita n c e  mode DLTS, t o  be c a r r ie d  o u t .  The th e o ry  and
m e r i t s  o f  RDLTS have  been f u l l y  co ve re d  i n  s e c t io n  2 .4 . 5 .
The c i r c u i t  used to  p e r fo rm  th e  e x p e r im e n ts  i s  shown in
f i g  3 .4 . 5  and i s  b a s i c a l l y  a c o n s ta n t  c u r r e n t  s o u rc e  f o r  th e
FET. The r e s is ta n c e  R i s  chosen  to  be much g r e a te r  th a n  th e  s o u rc e -
d r a in  r e s is ta n c e  o f  th e  FET. The g a te  i s  a t  a re v e rs e  b ia s
V and a p u ls e  g e n e ra to r  used to  re d u c e  t h i s  to  z e ro .  The 
R
v o lta g e  t r a n s ie n t ,  caused  by th e  e m p ty in g  o f  t r a p s  f i l l e d
d u r in g  th e  z e ro  b ia s  p u ls e ,  i s  a n a ly s e d  by  th e  d o u b le -b o x c a r
i n  th e  n o rm a l w ay . I t  s h o u ld  be n o te d  th a t  th e  v o lt a g e  t r a n s ie n t
f o r  m a jo r i t y  c a r r i e r  t r a p s  i s  o f  th e  o p p o s ite  s ig n  to  th e
c a p a c ita n c e  t r a n s ie n t  s in c e  a d e c re a s e  i n  d e p le t io n  w id th
( in c r e a s e  i n  c a p a c ita n c e )  means ay d e c re a s e  i n  s o u r c e - d r a in
r e s is ta n c e  (d e c re a s e  i n  v o l t a g e  V ) „  In  t h i s  in v e s t i g a t i o n ,
DS
h o w e v e r, i n  o rd e r  to  a v o id  c o n fu s io n *  m a jo r i t y  c a r r i e r  peaks 
w i l l  be p re s e n te d  so t h a t  th e y  a pp ea r i n  th e  same d i r e c t io n  
as th o s e  d e r iv e d  fro m  c a p a c ita n c e  t r a n s ie n t s .
I n i t i a l  w o rk  was c a r r ie d  o u t  on a s e t  o f  fo u r  lo n g  g a te  FETS
f a b r ic a te d  a t  th e  A l le n  C la r k  R esearch  C e n tre  ( P le s s e y ) .
Two o f  th e s e  (n o  1 and 2 ) w ere  fro m  th e  same s l i c e  o f
FET m a t e r ia l .  A t h i r d  (No 3 ) was fro m  a d i f f e r e n t  s l i c e  o f
2 0 0
FET m a t e r ia l  w h i le  th e  f o u r t h  (No 4 ) had a t h i c k e r  lo w -d o p e d  
s t r u c t u r e .  The c a r r i e r  c o n c e n t r a t io n  p r o f i l e s  (a s  deduced 
fro m  th e  FET s t r u c t u r e )  a re  p re s e n te d  i n  f i g  3 . 4 . 6 .  The 
d i f f e r e n c e  i n  p r o f i l e s  f o r  Nos 1 and 2 p ro b a b ly  a r i s e ,  a t  
le a s t  i n  p a r t ,  f ro m  g e n u in e  d i f f e r e n c e s  i n  d o p in g  le v e l  and 
th ic k n e s s  w h ic h  a re  common i n  v e r y  t h i n  VPE la y e r s .  R e s is ta n c e  
mode DLTS was p e r fo rm e d  on th e s e  fo u r  sam p les and th e  s p e c t ra  
o b ta in e d  a re  com pared i n  f i g  3 . 4 . 7 .  No o th e r  peaks (dow n to  
a te m p e ra tu re  o f  150K) w ere  o b s e rv e d  u n d e r th e  c o n d i t io n s  o f  
t h i s  s e t  o f  e x p e r im e n ts .  The r e s u l t s  a re  n o rm a lis e d  to  ta k e  
a c c o u n t o f  th e  d i f f e r e n t  s o u r c e - d r a in  r e s is ta n c e s  a lth o u g h  
th e  peak s iz e s  a re  n o t  r e la t e d  d i r e c t l y  to  th e  t r a p  
c o n c e n t r a t io n s  because  o f  th e  d i f f e r e n t  i n i t i a l  d o p in g  l e v e l s .
Two o f  th e  FETs (N os 3 and 4 ) have s i g n i f i c a n t  num bers o f  
t r a p p in g  le v e ls  p re s e n t  w hereas th e  tw o FETs fro m  th e  same 
s l i c e  (N os 1 and 2 ) have  v e ry  s m a ll t r a p  c o n c e n t r a t io n s .
C om parisons be tw een  th e  peaks o b ta in e d  by c a p a c ita n c e  and 
r e s is ta n c e  modes a re  shown f o r  FET4 in  f i g  3 . 4 . 8 .  T h is  c o n f irm s  
t h a t  i t  i s  th e  "A "  c e n tr e  t h a t  i s  b e in g  o b s e rv e d  and th a t  
e x a c t ly  th e  same t r a p  p a ra m e te rs  a re  o b ta in e d  fro m  b o th  v o lta g e  
and c a p a c ita n c e  t r a n s ie n t s .  In  b o th  f i g s  3 .4 .7  and 3 .4 .8  
th e r e  i s  a te n d e n c y  f o r  th e  r e s is ta n c e  mode s p e c t ra  to  go 
n e g a t iv e  j u s t  b e lo w  th e  "A "  c e n tre  p e a k . T h is  was fo u n d  to  be 
d e p e n d e n t on th e  e x p e r im e n ta l c o n d i t io n s .  In c re a s in g  th e  t im e  th a t  
th e  a p p lie d  r e v e rs e  b ia s  i s  re d u ce d  to  z e ro  fro m  100 / i s  to  
10 mS r e s u l t e d  i n  c o m p le te ly  d i f f e r e n t  r e s is ta n c e  mode s p e c t ra  
( f i g  3 . 4 . 9 ) .  FETs 1 and 2 s t i l l  do n o t  show a ny  s i g n i f i c a n t  
peaks a lth o u g h  th e r e  i s  some b a s e lin e  o f f s e t  p re s e n t .  FET’ s 
3 and 4 , h o w e v e r, show tw o la r g e  n e g a t iv e  g o in g  DLTS peaks
• • 2 0 1
* v  *--------—*  —i--------- -> ’ ■■■- t ' "I -   i ".. ..............................— —
0  1 -0  2 -0
xijjm)
Fig 3-4-6 Carrier concentration profiles for Plessey Jumbo FETs
Fig 3-4-7 Resistance mode DLTS spectra for Plessey Jumbo FETs
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Fig 3#4«8 A comparison of capacitance and resistance mode 
DLTS spectra for Jumbo FET 4
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Fig 3»4»9 Resistance mode DLTS spectra using 10mS filling 
pulse widths.
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Trap Epa(eV) cr pa (cm”2)
B [17 J 0.71 1.2 x 10”14
B L 31 J 0.71 6 x 10*"^
X 0.81 2 x 10~11
Or L17J 0.78 5.2 x 10~16
Cr 131 J 0.96 1.6 x 10 ^
Y 0.71 2 x 10”15
Fig 3-4-10 Hole traps B and Cr as seen by Nusillat et al
L31Icompared with the positions of traps X and Y 
(from Fig 3*4*9) after^correcting for the emission 
rate values e = 50s~ . A comparison of trap 
signatures is also given.
d e te r m in a t io n s  f o r  th e s e  two peaks gave  th e  t r a p  p a ra m e te rs
-11 2
f o r  th e  p ea k  a ro u n d  323K o f  E = 0 .8 1  eV and = 2 x  10 cm
pa pa
2
( r  = 0 .8 3 )  and f o r  th e  peak a ro u n d  403K
E « 0 .7 1  eV and = 2 x  10_15cm2 ( r 2 = 0 .9 8 8 ) .  The le a s tpa pa
s q u a re s  f i t s  o f  d a ta  f o r  th e  a c t i v a t i o n  e n e rg y  p lo t s  w ere  
n o t  v e r y  good h o w e v e r , and so th e  v a l i d i t y  o f  th e  s ta te d  
p a ra m e te rs  m u s t be t r e a te d  w i t h  some r e s e r v e .
The n e g a t iv e  peaks  a re  th o u g h t  to  be due to  h o le  t r a p s  a t  
th e  i n t e r f a c e  w i t h  th e  b u f f e r  la y e r .  S im i la r  o b s e rv a t io n s  
have  v e ry  r e c e n t l y  been  r e p o r te d  i n  th e  l i t e r a t u r e  [3 1 ,  115 ] 
and th e  DLTS s p e c tru m  seen  i n  one o f  th e s e  i n v e s t ig a t io n s  
[3 1 ]  i s  re m a rk a b ly  s im i l a r  t o  t h a t  o f  FET4 ( f i g  3 . 4 . 1 0 ) .
The d is c r e p a n c ie s  i n  a c t i v a t i o n  e n e rg y  ( f i g  3 .4 . 1 0 )  b e tw e en  th e s e  
in v e s t i g a t i o n s  and th o s e  o f  Lang and Logan [1 7 ]  a re  m ost 
p ro b a b ly  due to  th e  in t e r f e r e n c e  i n  th e  peak p o s i t i o n  fro m  th e  p o s i t i v e  
g o in g  "A "  c e n t r e  p e a k . The 4 FET s t r u c t u r e s  w ere  a ls o  exam ined  
b y  w o rk e rs  a t  th e  A l le n  C la r k  R e se a rch  C e n tre  who c a r r ie d  
o u t l i g h t  s e n s i t i v i t y  t e s t s  on th e  b u f f e r  la y e r s  and a ls o  
p h o to c a p a c ita n c e  m e a su re m e n ts . They d e te c te d  la r g e  p h o to c a p a c ita n c e  
peaks w h ic h  may have  been due to  ch rom ium  i n  FETs 3 and 4 .
These tw o la y e r s  a ls o  f a i l e d  t h e i r  l i g h t  s e n s i t i v i t y  t e s t .
The re a s o n s  f o r  th e  a p p e a ra n ce  o f  th e s e  h o le  t r a p s  and t h e i r  
abse nce  i n  c a p a c ita n c e  s p e c t r a  (e v e n  w i t h  lo n g  p u ls e  w id th s )  
i s  d is c u s s e d  i n  s e c t io n  3 . 4 . 2 . 4 .  S im i la r  ty p e s  o f  s p e c t r a
which have completely swamped the "A" peak. Activation energy
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have  been seen i n  s ta n d a rd  p ro d u c t io n  FET la y e r s  f a b r ic a t e d  
a t  th e  P o s t O f f ic e  R ese a rch  C e n tre *  The "A "  c e n tre  has m o d if ie d  
th e s e  s p e c t ra  g iv in g  b o th  p o s i t i v e  and n e g a t iv e  r e s is ta n c e  
mode peaks ( f i g  3 . 4 . 1 1 ) .  S p a t ia l  p r o f i l i n g  o f  th e  t r a p p in g  
l e v e ls  u s in g  th e  r e s is ta n c e  mode was a ls o  c a r r ie d  o u t .  The 
v a l i d i t y  o f  t h i s  p r o f i l i n g  i s  v e ry  d u b io u s  when i t  i s  c o n s id e re d  th a t  
th e  n e g a t iv e  peaks c o rre s p o n d  to  t r a p s  i n  th e  b u f f e r  la y e r  
and t h a t  th e  m a g n itu d e  and p o s i t io n  i n  te m p e ra tu re  o f  th e  
"A "  c e n t re  peak i s  c o n s id e r a b ly  m o d if ie d  by th e  n e g a t iv e  peaks 
e i t h e r  s id e  o f  i t .  F ig  3 .4 .1 2  shows an exam p le  o f  th e  p r o f i l i n g  
i n  w h ic h  th e  c o n c e n t r a t io n  o f  th e  t r a p p in g  le v e ls  a p p a r e n t ly  
changes as th e  b u f f e r  la y e r  i s  a p p ro a c h e d .
C o n f irm a t io n  t h a t  th e  b o le  t r a p s  w ere  i n  th e  b u f f e r  la y e r  
r a t h e r  th a n  th e  a c t iv e  la y e r  was o b ta in e d  by  m o n ito r in g  th e  
r e s is ta n c e  be tw een  tw o  ohm ic c o n ta c ts  e v a p o ra te d  o n to  th e  
e p i t a x ia l  s u r fa c e  w h i le  th e  s u b s t r a te  was p u ls e d  w i t h  a n e g a t iv e  
b ia s .  The same m a t e r ia l  used to  f a b r i c a t e  PO Jumbo FET 3 
(P 0 1 0 3 ) was used f o r  t h i s  e x p e r im e n t .  The b u f f e r  la y e r - a c t i v e  
la y e r  i n t e r f a c e  was n e v e r  fo rw a rd  b ia s e d  and so o n ly  m a jo r i t y  
c a r r i e r  t r a p s  w ere  o b s e rv a b le .  The r e s u l t in g  DLTS s p e c tru m  
and sam ple  c o n f ig u r a t io n  a re  shown i n  f i g  3 .4 .1 3 .  The 
a c t i v a t i o n  e n e rg y  f o r  t h i s  b o le  t r a p  i s  v e r y  c lo s e  to  t h a t  
r e p o r te d  f o r  ch rom ium  by  Lang and Logan [1 7 ]  (s e e  f i g  3 .4 .1 0 )  
a lth o u g h  th e  c a p tu re  c ro s s  s e c t io n s  v a ry  by  o v e r  an o rd e r  
o f  m a g n itu d e . The in t e r f e r e n c e  o f  th e  "A "  c e n t r e  peak may be 
le s s  s e v e re  u s in g  t h i s  mode o f  o p e ra t io n  s in c e  theiige i s  no 
c o n t r ib u t io n  due to  d e t r a p p in g  o f  t h i s  l e v e l  fro m  u n d e rn e a th  
th e  g a te  as o c c u rs  i n  th e  JUMBO FETS.
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(a) PO JUMBO F E T  CH112
T(K) 
(b) PO JUMBO FET . PO 103
F ig  A c o m p a ris o n  o f  r e s is ta n c e  and c a p a c ita n c e  mode DLTS
s p e c t r a  on FETs fro m  tvro d i f f e r e n t  s l i c e s  o f  m a t e r ia l .
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F ig  3*4*13 The DLTS s p e c tru m  o b ta in e d  fro m  th e  m easurem ent o f
r e s is ta n c e  b e tw e e n  tw o  ohm ic c o n ta c ts  on th e  s u r fa c e  
o f  an e p i t a x ia l  l a y e r  (P0103) d u r in g  th e  r e p e t i t i v e  
p u ls in g  o f  th e  s u b s t r a t e .
I t  s h o u ld  be n o te d  t h a t  n o t  a l l  Jumbo FET’ s show d i f f e r e n c e s  
i n  th e  r e s is ta n c e  and c a p a c ita n c e  mode s p e c t ra  when lo n g  
f i l l i n g  p u ls e s  a re  used ( f i g  3 . 4 . 1 4 ) .  None o f  th e  12 FETs exam ined  
fro m  s l i c e  P O l l l  showed any n e g a t iv e  DLTS s p e c t r a  i n  th e  
r e s is ta n c e  m ode. The a c t i v a t i o n  e n e rg ie s  d id  v a ry  fro m  sam ple  
t o  sam p le  and when m easured b y  d i f f e r e n t  modes • - - ^ and
th e  v a lu e s  q u o te d  i n  F ig  3 .4 .1 4  a re  o n ly  a p p ro x im a te .  The 
v a lu e s  o f  c a p tu re  c r o s s - s e c t io n  d e te rm in e d  fro m  th e  in t e r c e p t s  
o f  th e  a c t i v a t i o n  e n e rg y  p lo t s  w ere a l l  i n  th e  ra n g e
—g -“11 -2
2 x  10 to  2 x  10 cm . T h is  a c c o u n ts  f o r  th e  a p p e a ra n ce
o f  t r a p s  w i t h  su ch  h ig h  a c t i v a t i o n  e n e rg ie s  a t  r e l a t i v e l y
lo w  te m p e ra tu re s .  These v a lu e s  a re  to o  la r g e  to  be p h y s ic a l l y
p o s s ib le  and th e  la r g e s t  p re v io u s  c a p tu re  c ro s s  s e c t io n  o b s e rv e d
i n  GaAs i s  t h a t  o f  th e  E5 r a d ia t io n  damage le v e l  w h ic h  has 
- 1 1 2
a v a lu e  o f  3 x  10 cm [ 1 7 ] .  When th e  c a p tu re  c ro s s  s e c t io n s
w ere  d e te rm in e d  u s in g  f i l l i n g  p u ls e s  o f  d i f f e r e n t  w id th s  ( s e c t io n
-2 6  2
2 . 3 . 4 ) ,  v a lu e s  a t  th e  o p p o s ite  e x tre m e  o f  10 cm w ere  
o b s e rv e d . C om pa riso n  o f  th e s e  tw o v a lu e s  g iv e  a th e rm a l 
a c t i v a t i o n  e n e rg y  f o r  th e  c a p tu re  c ro s s  s e c t io n  o f  a lm o s t
1 .0  eV. Such la r g e  a c t i v a t i o n  e n e rg ie s  have  n o t  been p r e v io u s ly  
r e p o r te d  and c a s t  d o u b t on th e  v a l i d i t y  o f  th e  m easured v a lu e s  
o f  c a p tu re  c ro s s  s e c t io n .
C le a r ly  th e s e  sam p les  a re  n o t  as w e ll-b e h a v e d  as th e y  f i r s t  
a p p e a re d . T h is  may be r e la t e d  to  th e  f a c t  t h a t  th e y  a re  much 
th in n e r  th a n  n o rm a l FET la y e r s .  T h is  i s  shown by  c a r r i e r  
c o n c e n t r a t io n  p r o f i l e s  ta k e n  fro m  th re e  o f  th e  FETs ( f i g  3 . 4 . 1 5 ) .
T h is  f i g u r e  a ls o  shows how th e  phase a n g le  m easurem ent i s  used 
to  m o n ito r  s e r ie s  r e s is ta n c e  e f f e c t s .  C a r r ie r  c o n c e n t r a t io n  p r o f i l e s
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Fig 3*4.14 Comparison of resistance and capacitance mode DLTS spectra
Fig 3*4*15 Carrier concentration profiles for several FETs from slice 
P0111 compared with the trap concentrations of levels 
H and L.
s h o u ld  n o t  be ta k e n  when th e  phase a n g le  f a l l s  b e lo w  75° 
as s e r ie s  r e s is ta n c e  e f f e c t s  re n d e r  th e  c a p a c ita n c e  re a d in g  
in a c c u r a te .  T ra p  p r o f i l e s  sh ow ing  a lm o s t f l a t  b e h a v io u r  a re  
in c lu d e d  on t h i s  f i g u r e .  The d i f f e r e n c e s  i n  d o p in g  le v e ls  
a t  th e  s u r fa c e  a re  e x a g g e ra te d  i n  t h i s  s e t  o f  sam p les due 
to  t h e i r  t h in n e s s .  The m a t e r ia l  o r i g i n a l l y  bad a 0 .4 7  jxm 
t h i c k  a c t iv e  la y e r  b u t  th e s e  p r o f i l e s  show t h a t  i t  i s  now o n ly  
0 .1 2 5  fim  t h i c k  (a s  d e f in e d  b y  th e  d e p th  a t  w h ic h  th e  d o p in g  i s  
0 .1  o f  t h a t  i n  th e  a c t iv e  l a y e r ) .  The sp re a d  i n  v a lu e s  does 
e m p h a s is e , h o w e v e r , th e  d i f f i c u l t i e s  i n  o b ta in in g
a c t iv e  la y e r s  o f  u n i fo rm  th ic k n e s s  fro m  VPE g ro w th  e s p e c ia l ly  when 
c h e m ic a l t r im m in g  i s  needed to  p ro d u ce  th e  c o r r e c t  c h a n n e l th ic k n e s s .
3 o 4 .2 .3  Chromium and i t s  D e te c t io n  u s in g  DLTS 
The s t a t e  o f  k n o w le d g e  o f  bov; ch rom ium  i s  in c o rp o ra te d  i n  GaAs 
i s  r a t h e r  c o n fu s e d  and th e re  a re  a num ber o f  m od e ls  w h ic h  have  been 
p ro p o se d  to  e x p la in  i t s  a c t io n  as a deep a c c e p to r  i n  
s e m i - in s u la t in g  GaAs. I t  i s  beyond th e  scope  o f  t h i s  t h e s is  
to  re v ie w  th e  h u n d re d  o r  so p a p e rs  w h ic h  have  a p p ea re d  on 
t h i s  s u b je c t  o v e r  th e  l a s t  f i f t e e n  y e a rs  and th e  r e s u l t  w o u ld  
o n ly  be to  em phas ise  th e  w id e  d i v e r s i t y  o f  e n e rg y  le v e ls  and 
m od e ls  t h a t  have  been d e r iv e d .  In s te a d ,  th e  d e te c t io n  o f  
ch rom ium  by  DLTS and r e la t e d  te c h n iq u e s ,  a s i t u a t i o n  c o n fu s in g  
enough i n  i t s e l f ,  w i l l  be o u t l in e d  and e x p e r im e n ta l r e s u l t s  
p re s e n te d  w h ic h  i l l u s t r a t e  t h i s  s i t u a t i o n .  An in v e s t ig a t io n  o f  
ch rom ium  and i t s  b e h a v io u r  i s  im p o r ta n t  when i t  i s  c o n s id e re d  
t h a t  i t  i s  th o u g h t  to  be a m a jo r  cause o f  p o o r d e v ic e
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c h a r a c t e r is t i c s  i n  FETs g row n  on chrom ium  doped s e m i- in s u la t in g  
s u b s t r a te s  w i th  o r  w i th o u t  b u f f e r  la y e r s .
The deep l e v e l  c re a te d  by ch rom ium  was f i r s t  r e p o r te d  as b e in g
a h o le  t r a p  (E  = Ev 4- 0 .7 8  eV) and a ls o  an e le c t r o n  t r a p
(E = Ec "*0.61 eV) i n  ch rom ium  doped LPE n ty p e  GaAs by Lang
and Logan [ 1 7 ] .  The sum o f  th e  a c t i v a t i o n  e n e rg ie s  i s  a lm o s t
e q u a l to  th e  band gap o f  GaAs (1 .4 3  eV) in d i c a t i n g  t h a t  a
s in g le  le v e l  was fo rm e d  i n  th e  band gap w h ic h  c o u ld  a c t  as
b o th  an e le c t r o n  and a h o le  t r a p .  S ubsequent w o rk  b y  W h ite
e t  a l  [3 9 ]  c o n f irm e d  th e  a p p e a ra n ce  o f  a p a i r  o f  peaks in
t h e i r  DSDP s p e c tru m  ( s e c t io n  2 .5 . 1 )  w h ic h  c o rre s p o n d e d  to
e le c t r o n  e m is s io n  to  th e  c o n d u c t io n  band and h o le  e m is s io n
to  th e  v a le n c e  band fro m  a l e v e l  s i t u a te d  a t  E -0 .6 1  eV .
c
W h ite  e t  a l  [3 9 ]  a ls o  exam ined  th e  same la y e r s ,  w h ic h  w ere
16 —3doped w i t h  ch rom ium  u p to  a l e v e l  o f  10 cm , u s in g  DLTS b u t
c o u ld  f i n d  no t r a c e  o f  th e  l e v e l  p r e v io u s ly  d e te c te d  by Lang
and L og an . [1 7 ]
In  th e  p re s e n t  i n v e s t ig a t io n  some la y e r s  o f  b o a t g row n GaAs 
doped w i t h  b o th  s i l i c o n  and chrom ium  by B ro z e l e t  a l  [1 1 8 ] 
w ere  exam ined  by DLTS. B ro z e l e t  a l  p e rfo rm e d  H a l l  m ea su rem e n ts , 
mass s p e c t r o m e t ry ,  o p t i c a l  and e le c t r o n ' m ic ro s c o p y  and lo c a l is e d  
v i b r a t i o n a l  mode (LVM) a b s o rp t io n  m easurem ents on sam p les 
fro m  th e  same a re a  o f  th e  c r y s t a l  and o b ta in e d  a d e ta i le d  
kn o w le d g e  o f  th e  s i l i c o n ,  ch rom ium  and n e t  c a r r i e r  c o n c e n t r a t io n s .
2 1 2
2 1 3
C a r r ie r  c o n c e n t r a t io n  p r o f i l e s  o f  d io d e s  on two d i f f e r e n t  
ch rom ium  doped s l i c e s  (G A 735 /102  and G A 735/110) to g e th e r  w i th  
t h a t  o f  a s im i l a r  n o n -ch ro m iu m  doped s l i c e  Q5A744) w ere 
d e te rm in e d  in  th e  p re s e n t  i n v e s t ig a t io n  by  C-V te c h n iq u e s  
( f i g  3 . 4 . 1 6 ) .  The undoped sam p les show a sm ooth  f l a t  p r o f i l e  
w i t h  some v a r i a t i o n  i n  le v e l  o v e r  th e  s l i c e .  The chrom ium  
doped sam p les  a re  much le s s  u n ifo rm  and had a c o n s id e ra b le  
downward s lo p e  to w a rd s  th e  s u r fa c e .
DLTS s p e c t ra  fro m  th e s e  sam p les  showed th e  p re s e n c e  o f  tw o
m a in  peaks to g e th e r  w i t h  a s m a l le r  c e n t r a l  peak ( f i g  3 . 4 . 1 7 ) .
The c e n t r a l  peak i s  n o t  v i s i b l e  i n  th e  GA744 s p e c tru m  due
to  th e  lo w  a m p l i f i c a t i o n  f a c t o r  used i n  t h i s  p a r t i c u l a r  t r a c e .
I t  was h o w e v e r, e a s i l y  v i s i b l e  when g r e a te r  s e n s i t i v i t y  was
u s e d . A c t iv a t io n  e n e rg y  d e te r m in a t io n  f o r  th e s e  peaks p ro ve d
d i f f i c u l t  i n  th e  ca ses  o f  th e  chrom ium  doped sam p les s in c e  th e
peak p o s i t i o n  te n d e d  to  v a ry  fro m  ru n  to  ru n  a t  th e .s a m e  e m is s io n
r a te  and a ls o  fro m  sam p le  to  s a m p le . C o n s e q u e n tly  th e  le a s t
s q u a re s  f i t s  f o r  th e  d a ta  o b ta in e d  te n d e d  to  be r a t h e r  p o o r 
2
( r  ^  . 9 9 0 ) .  The n o n -ch ro m iu m  doped sam ple  p ro v e d  to  be le s s  
tro u b le s o m e  i n  t h i s  r e s p e c t  and a llo w e d  a p o s i t i v e  
i d e n t i f i c a t i o n  o f  th e  h ig h  te m p e ra tu re  peak as th e  "A "  c e n t r e .
E s t im a te s  o f  th e  t r a p  c o n c e n t r a t io n s  w ere made fro m  th e  DLTS 
peak h e ig h t s .  These a g a in  la c k  a c c u ra c y  because  o f  th e  r a p id  
v a r i a t io n  i n  peak h e ig h t  as a f u n c t io n  o f  te m p e ra tu re  t h a t  
was o b s e rv e d  when th e  e m is s io n  r a te  w indow  was v a r ie d
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Fig 3•4-16 Carrier concentration profiles for boat grown GaAs 
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Fig 3.4*17 DLTS spectra for boat grown GaAs layers.
21 5
( f i g  3 . 4 . 1 8 ) .  T h is  was a t  f i r s t  th o u g h t to  be due to  a
te m p e ra tu re  d e p e n d e n t c a p tu re  c r o s s - s e c t io n  b u t  m easurem ent
o f  peak s iz e  as a f u n c t io n  o f  th e  t r a p - f i l l i n g  p u ls e  w id th  f o r
two d i f f e r e n t  e m is s io n  r a te s  d is p ro v e d  t h i s .  The lo w e r  e m is s io n
r a t e  n e v e r  p ro du ced  as la r g e  a peak s iz e  as th e  h ig h e r  r a te
even  f o r  lo n g  p u ls e s  ( f i g  3 . 4 . 1 9 ) .  I t  was th e n  d is c o v e re d
t h a t  i t  was th e  c a p a c ita n c e  w h ic h  was te m p e ra tu re  d e p e n d e n t.
T h is  a f f e c te d  th e  DLTS peak h e ig h t  w h ic h  i s  p r o p o r t io n a l  to
th e  re v e rs e  b ia s  c a p a c ita n c e .  C o n s e q u e n tly  th e  c a r r i e r
c o n c e n t r a t io n  was v e ry  te m p e ra tu re  d e p e n d e n t and c a re  had
to  be ta k e n  to  use th e  c o r r e c t  v a lu e  when d e te rm in in g  th e
t r a p  c o n c e n t r a t io n s  fro m  DLTS peak h e ig h ts  a t  d i f f e r e n t  te m p e ra tu re s *
The t r a p  f i l l i n g  e x p e r im e n ts  ( f i g  3 .4 .1 9 )  gave c a p tu re  c ro s s
-20 2
s e c t io n s  o f  th e  o rd e r  o f  10 cm b u t th e  t h e o r e t i c a l  r a te  o f  
t r a p  f i l l i n g  f o r  such  a c a p tu re  c ro s s  s e c t io n  i s  more r a p id  
th a n  t h a t  fo u n d  e x p e r im e n ta l ly .  T h is  may be due to  th e  
n o n -e x p o n e n t ia l  b e h a v io u r  o f  t r a p - r e f i l l i n g  as o b se rve d  by 
Z y lb e r s t e jn  [1 1 9 ] b u t i t  c o u ld  a ls o  be r e la t e d  to  th e  in c re a s e d  
r e s is ta n c e  w h ic h  a ccom pa n ie s  th e  d e c re a s e  i n  c a p a c ita n c e  a t  
lo w  te m p e ra tu re s .
A summary o f  th e  t r a p  c o n c e n t r a t io n s  d e te rm in e d  fro m  th e  v a r io u s  
sam p les  i s  shown i n  T a b le  3 . 4 . 1 .  These s h o u ld  be exam ined  
b e a r in g  i n  m ind  th e  e r r o r s  a r i s i n g  fro m  th e  p o in t s  made above 
and a ls o  th e  f a c t  t h a t  some o f  th e  c o n c e n t r a t io n s  exceed  th e  
ra n g e  o f  v a l i d i t y  f o r  w h ic h  DLTS peak h e ig h t  c a lc u la t io n s  
a re  s t r i c t l y  v a l i d  0 ,1  NR) . No o b v io u s  d i f f e r e n c e s  be tw een
any o f  th e  sam p les  a re  o b s e rv a b le .
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for different emission rates (GA7 3 5 1 1 0 .2 )
•4 * 1 9 A comparison of experimental and theoretical trap
filling characteristics for two different emission rates
(GA735110.3)
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DLTS Peak Trap Concentrations
Sample
T ~  180K
E 0 .2 5 -4 1  eV na
T ~  27 OK
E » 0 .3 7 -0 .7 1  eV na
T 385K
E = 0 .5 8 -0 .9 1  eV 
na
GA7 3 5 /1 0 2 o i n 15 -3  .2 x  10 cm 1 7  i n “ 81. 7 x  10 cm . , n 16 -3  1 x 1 0  cm
G A735/110 6 x  1 0 14 7 x  1 0 13 4 x  1 0 15
GA744 6 x  1 0 15 1 .7  x  1 0 14 7 x  1 0 15
T a b le  3 .4 .1  Summary o f  E s t im a te d  T ra p  C o n c e n tra t io n s  F o r GaAs b o a t 
g row n sam p les
One c a n n o t t e l l  f ro m  th e s e  f ig u r e s  t h a t  tw o  o f  th e  sam p les
have  c o n s id e r a b le  am ounts o f  chrom ium  i n  them  ( a p p r o x im a te ly  
2 5 —3
6 x  10 cm (£10% ) fro m  B ro z e l e t  a l  [ 1 1 8 ] ) .  The ch rom ium
i s  e l e c t r i c a l l y  a c t iv e  a ls o ,  s in c e  th e  c o n c e n t r a t io n  o f  s i l i c o n
17 -3d o n o rs  deduced fro m  th e  LVM m easurem ents was 1 .5  x  10 cm
(+10% ) w hereas th e  H a l l  c a r r i e r  c o n c e n t r a t io n  was a ro un d  
16 —3
1 x  10 cm (+10% ) and i n  re a s o n a b le  a g ree m e n t w i t h  f i g  3 .4 .1 6 .
To c o n f ir m  d e f i n i t e l y  t h a t  chrom ium  was p re s e n t ,  DSDP was
p e rfo rm e d  by W h ite  a t  RSRE M a lv e rn  and h is  r e s u l t s  f o r  sam p les
fro m  th e  same s l i c e s  a re  shown in  f i g  3 .4 .2 0 .  The F peaks
a re  r e la t e d  to  ch ro m iu m . The p o s i t i v e  g o in g  p a r t  c o rre s p o n d s
t o  e le c t r o n  e m is s io n  to  th e  c o n d u c t io n  hand and th e  n e g a t iv e
p a r t  to  h o le  e m is s io n  to  th e  v a le n c e  b a n d . A t r a p  c o n c e n t r a t io n
15 -3
o f  th e  o rd e r  o f  6 x  10 cm was deduced fro m  th e  a re a  u n d e r 
th e  p e a k .
F ig  3
D S D P  
sig
(arb)
0*
0-4 To"
• r
E(eV
E (e V)
,4 .2 0  DSDP s p e c t r a  o f  b o a t g row n GaAs sam p les ta k e n  b y  
M W h ite  o f  RSRE M a lv e rn .
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The above r e s u l t s  c o n f ir m  th e  e a r l i e r  r e p o r te d  r e s u l t s  o f
W h ite  e t  a l  [3 9 ]  t h a t  DLTS a p p e a rs  to  be in s e n s i t i v e  to  ch rom ium
t r a p s .  A c a r e f u l  e x a m in a t io n  o f  f i g  3 .4 .1 7  shows th e re  to  be a h ig h
te m p e ra tu re  s h o u ld e r  on th e  DLTS t r a c e  f o r  G A 735/110. The
d a ta  o f  Lang and Logan [1 7 ]  was used to  c a lc u la t e  th e  te m p e ra tu re
a t  w h ic h  th e  ch rom ium  t r a p  th e y  d e te c te d  w o u ld  a pp ea r f o r
th e  s ta n d a rd  e m is s io n  r a te  (1 5 2 .7 s  * )  o f  th e  p re s e n t  in v e s t i g a t i o n .
F ig  3 .4 .2 1  shows t h a t  i t  o c c u rs  a b o u t 15K lo w e r  th a n  th e  p r o je c te d
maximum o f  th e  h ig h  te m p e ra tu re  s h o u ld e r  a lth o u g h  th e
"A "  c e n tre  peak i s  10K lo w e r  th a n  n o r m a l ly  o b s e rv e d  i n  VPE
la y e r s .  I f  t h i s  d i f f e r e n c e  i s  ta k e n  i n t o  a c c o u n t th e  d is c re p a n c y
may be re d u ce d  to  5K. Thus th e r e  i s  th e  p o s s i b i l i t y  t h a t
ch rom ium  i s  b e in g  d e te c te d  i n  some o f  th e  DLTS s p e c t ra  a l b e i t
w i t h  much re d u ce d  s e n s i t i v i t y .
The s u s p ic io n  o f  th e  re d u c e d  s e n s i t i v i t y  to  ch rom ium  x^as c o n f irm e d  
by e x a m in a t io n  o f  some VPE b u f f e r  la y e r s  w h ic h  had been
17 -3
d e l i b e r a t e ly  doped w i t h  la r g e  q u a n t i t ie s  o f  ch rom ium  (> 1 0  cm )
i n  o rd e r  to  make them  s e m i - in s u la t in g .  L u c k i l y ,  a t  l e a s t  fro m
th e  p o in t  o f  v ie w  o f  t h i s  i n v e s t i g a t i o n ,  th e y  w ere  n o t
s e m i- in s u la t in g  b u t  tu rn e d  o u t  to  be lo w  doped n - ty p e  
15 -3( " ' l  x  10 cm “ ) .  DLTS s p e c t ra  were ta k e n  on th e s e  sam p les
and a t y p i c a l  exam p le  i s  shown i n  f i g  3 .4 .2 2 .  The in s e t
com pares th e  a c t i v a t i o n  e n e rg y  p lo t  f o r  t h i s  le v e l
( P I :  E = 0 . 8 8  eV) w i t h  t h a t  o f  Cr i n  LPE fro m  B e l l  
na
( B l ;  E = 0 .8 6  eV) and Cr i n  b u lk  fro m  LEP ( L I  E = 0 .7 8  e V ) . 
na na
The d is p la c e m e n t o f  th e  B e l l  d a ta  i n  te m p e ra tu re  w i t h  r e s p e c t
to  t h a t  o f  LEP and th e  PO may a c c o u n t f o r  th e  d i f f e r e n c e  i n
th e  p o s i t i o n  o f  th e  peak i n  f i g  3 .4 .2 1  and th e  p r e d ic te d  p o s i t i o n .
220 j
I
T(K)
F ig  3 .4 .2 1  The p r e d ic te d  A c e n t r e  and C r p ea k  p o s i t io n s  s u p e rim p o se d  
on th e  DLTS t r a c e  fro m  b o a t g row n  sam ple G A 735/110 .
T(K)
F ig  3 *4 .2 2  The DLTS s p e c tru m  o f  a  C r doped VPE la y e r  (PO CJ 1 4 2 .2 )  
and a  c o m p a r is o n  o f  th e  a c t i v a t i o n  e n e rg y  p l o t  w i t h  d a ta  
f ro m  th e  C r p ea k  (B 1 ) fro m  B e l l  Labs L17 J and LEP ( L l ) L  7 6 J
I t  a p p e a rs  t h a t  ch rom ium  can o n ly  be d e te c te d  by DLTS as an 
e le c t r o n  t r a p  when i t  i s  p re s e n t  i n  v e ry  la r g e  q u a n t i t i e s .
A s im i l a r  o b s e rv a t io n  was m e n tio n e d  b r i e f l y  i n  a p a p e r by 
M a r t in  e t  a l  [1 2 0 ] i n  w h ic h  th e r m a l ly  s t im u la te d  c u r r e n t  (TSC) 
s p e c t ra  o f  Cr doped sem i in s u la t i n g  GaAs w ere  in t e r p r e t e d  
w i t h  th e  h e lp  o f  DLTS s p e c t ra  fro m  p a r ts  o f  th e  c r y s t a l  le s s  
h e a v i ly  doped w i t h  ch rom ium  ( i e  n o t  s e m i - in s u la t in g ) . They
rem arked  t h a t  " ............  a s t r i k i n g  r e s u l t  has been fo u n d ,  nam e ly
t h a t  t h i s  peak (E  = 0 .8 6  eV) was n o t  d e te c te d  i n  some sam p les 
w h ic h  w ere  c u t  fro m  th e  le s s  C r-d op ed  m a t e r ia l " .
One p o s s ib le  re a s o n  f o r  th e  i n s e n s i t i v i t y  o f  DLTS to  d e te c t
ch rom ium  n ay  a r is e  fro m  i t s  p o s i t i o n  i n  th e  band g a p . T a k in g
th e  d a ta  o f  Lang and Logan [1 7 ]  and a p p ly in g  th e  p r in c ip le s  
d e t a i le d  i n  s e c t io n  2 .2 .4  th e  p o s i t io n  o f  th e  t r a p p in g  le v e l  
r e l a t i v e  to  th e  e n e rg y  E w h ic h  i s  d e f in e d  as
E = E. + ~  I n  -E- ............ 2 .2 .1 81 l 2 a
n
can  be d e te rm in e d .  A t 420K th e  v a lu e  o f  E , i s  E + 0 . 7 9  eV
1 v
com pared w i t h  th e  ch rom ium  t r a p p in g  l e v e l  w h ic h  i s  a p p ro x im a te ly
E +  0 .7 8  eV . The s i t u a t i o n  t h a t  E i s  le s s  th a n  E, o c c u rs  
v  T 1
so t h a t ,  a c c o rd in g  to  t a b le  2 .2 . 1 ,  th e  h o le  e m is s io n  r a te
i s  g r e a te r  th a n  th e  e le c t r o n  e m is s io n  r a t e .  A c c o rd in g  to
R h o d e r ic k  [ 6 ]  i n  such  a s i t u a t i o n  when E i s  w i t h in  2kT o f
T
E j (2 k T  ~  0 .0 7  eV a t  4 2 0 K ), th e  t r a p  o ccu p a n cy  in  th e  re g io n  
b e tw een  th e  2 q u a s i F e rm i le v e ls  i s  g iv e n  by th e  p r o b a b i l i t y
ef =  E—    2.4.1
e + e n p
2 2 1
2 2 2
T h is  tu r n s  o u t to  be a p p ro x im a te ly  0 .6 4  so th e re  i s  a p r o b a b i l i t y  
o f  m ore th a n  h a l f  o f  e le c t r o n s  f i l l i n g  t r a p s  u p to . th e  h o le  
q u a s i-F e rm i le v e l  ( f i g  3 . 4 . 2 3 ) .  O n ly  th o s e  le v e ls  s i t u a te d  
above th e  h o le  q u a s i-F e rm i le v e l  w i l l  be d e f i n i t e l y  em pty 
o f  e le c t r o n s .  The change o f  o ccup an cy  a f t e r  p u ls in g  to  ze ro , 
b ia s  w i l l  n o t  be fro m  f u l l  to  em pty and hence  th e  DLTS s ig n a l  
w i l l  be s m a l le r  and th e  s e n s i t i v i t y  re d u c e d ,
3 .4 . 2 .4  D is c u s s io n
The r e s u l t s  p re s e n te d  i n  th e  p re v io u s  s e c t io n s  i l l u s t r a t e  
t h a t  deep t r a p p in g  le v e ls  a re  a p ro b le m  i n  t h i n  VPE la y e r s  
g row n on s e m i- in s u la t in g  s u b s t r a te s  even  when b u f f e r  la y e r s  
a re  p re s e n t .  The r e s u l t s  fro m  FET la y e r s  w i t h  n ic k e l  c o n ta c ts  
show o n ly  th e  p re s e n c e  o f  th e  common "A ”  c e n tre  i n  VPE GaAs.
L a te r  r e s u l t s  show how e lu s iv e  chrom ium  i s  to  d e te c t io n  by 
DLTS u n le s s  i t  i s  p re s e n t  i n  v e r y  la r g e  q u a n t i t i e s .  I t  i s  
p o s s ib le  t h a t  th e r e  i s  u n d e te c te d  chrom ium  i n  th e  VPE la y e r s  
a ls o .  T h is  fe a r  i s  r e in f o r c e d  by r e c e n t  w o rk  on th e  o u t - d i f f u s i o n  
o f  ch rom ium  fro m  GaAs s u b s t r a te s  [1 2 1 ] w h ic h  has been fo un d  
to  o c c u r  to  a s i g n i f i c a n t  e x te n t  a t  th e  te m p e ra tu re s  o f  d e v ic e  
\  e p i t a x y .  Chrom ium  has i n  f a c t  been d e te c te d  as an e le c t r o n  t r a p  i n  
a c o m m e rc ia l m ic ro w a ve  FET e p i t a x ia l  la y e r  [ 3 1 ] .  More u s u a l ly ,  
h o w e v e r, i t s  p re s e n c e  i s  o b s e rv e d  as a h o le  t r a p  a t  th e  in t e r f a c e
w i t h  th e  b u f f e r  o r  s u b s t r a te  la y e r s  u s in g  JUMBO FET ty p e  s t r u c t u r e s .
A  J
\  T h is  was f i r s t  o b s e rv e d  b y  Houng and P earson  [1 1 1 ] fro m  c a p a c ita n c e
t r a n s ie n t s  as th e  e p i t a x i a l  d e p le t io n  la y e r  a pp ro ach ed  th e
s e r a i- in s u la t in g  s u b s t r a t e .  In  th e  p re s e n t i n v e s t ig a t io n  h o le
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Fig 5.4-.23 The band diagram for a Schottky barrier illustrating the 
occupancy (f) for trapping levels for which E-j ^ E iji
t r a p s  have  been o b s e rv e d  u s in g  r e s is ta n c e  mode DLTS even  when 
th e  g a te  d e p le t io n  la y e r  i s  f a r  away fro m  th e  i n t e r f a c e  w i t h  
th e  s e m i- in s u la t in g  b u f f e r  la y e r .  The p o s i t i o n  o f  one o f  
th e  h o le  t r a p s  i n  th e  DLTS s p e c tru m  c o in c id e s  w i t h  th e  p o s i t i o n  
o f  th e  ch rom ium  le v e l  o b s e rv e d  by  o th e r  w o rk e rs  [ 3 1 ] .
The o b s e rv a t io n  o f  b o le  t r a p s  i n  r e s is ta n c e  mode DLTS c a n n o t
' (
?  be e x p la in e d  by  th e  m ode l o f  Houng and P earson  [1 1 1 ] .  The f a c t
t h a t  b o le  t r a p s  w ere  n o t  o b s e rv e d  in  th e  c a p a c ita n c e  mode
c o n f irm e d  t h a t  an i n t e r a c t i o n  be tw een  th e  g a te  d e p le t io n
la y e r  and a d e p le t io n  la y e r  a t  th e  n ty p e  -  s e m i- in s u la t in g
in t e r f a c e  as p ro p o s e d  by  Houng and P earson  [1 1 1 ] was n o t  ta k in g
p la c e .  The p re s e n c e  o f  an i n t e r f a c i a l  space c h a rg e  re g io n
has been d e te c te d  by p h o to v o l t a ic  e f f e c t s  [1 1 2 ] and more r e c e n t ly
b y  EBIC [1 1 4 ] .  N u z i l l e t  e t  a l  [3 1 ]  have r e c e n t ly  p ro po sed
a q u a l i t a t i v e  m ode l to  e x p la in  how t r a p s  i n  th e  b u f f e r  la y e r
can  be in f lu e n c e d  by th e  a p p l i c a t io n  o f  b ia s  to  th e  g a te .
The m a in  e f f e c t  o f  th e  a p p l i c a t io n  o f  re v e rs e  b ia s  i s  to  cause
th e  b o le  q u a s i F e rm i l e v e l  i n  th e  n ty p e  la y e r  to  r i s e  above
th e  F e rm i l e v e l  i n  th e  b u f f e r  l a y e r .  A t th e  s u r fa c e  th e  l e v e l
i s  d e te rm in e d  b y  th e  F e rm i l e v e l  o f  th e  m e ta l and i t  re m a in s
h o r iz o n t a l  th ro u g h o u t th e  d e p le t io n  r e g io n .  In  th e  b u lk  i t
m ust become c o in c id e n t  w i t h  th e  b u lk  F e rm i l e v e l  b u t as t h i s
ta k e s  a d is ta n c e  o f  a fe w  d i f f u s i o n  le n g th s  ( a t  le a s t  5 /lm
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f o r  an a c t iv e  la y e r  e le c t r o n  c o n c e n t r a t io n  o f  0 .5 -2  x  10 cm 
[1 2 2 ] )  i t  i s  n o t  a c h ie v e d  u n t i l  th e  b u f f e r  la y e r  i s  rea che d
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( f i g  3 . 4 . 2 4 ) .  U nder z e ro  b ia s  tb o s e  b o le  t r a p s  i n  r e g io n  
d o f  f i g  3 .4 .2 4  f i n d  tb e m s e lv e s  above tb e  F e rm i le v e l  and 
a c c o rd in g  to  t a b le  2 .2 .1  w i l l  f i l l  w i t h  h o le s .  U nder r e v e rs e  
b ia s  th e s e  t r a p s  w i l l  e m it  t h e i r  c a p tu re d  h o le s .  T h is ,  a ssum ing  
th e y  a re  a c c e p to r  l i k e ,  w i l l  le a d  to  an in c re a s e  i n  th e  n e t  
n e g a t iv e  space  c h a rg e  on th e  b u f f e r  s id e  o f  tb e  i n t e r f a c e .
In  o rd e r  to  c o u n te rb a la n c e  t h i s ,  tb e  w id th  o f  th e  p o s i t i v e  
space  c h a rg e  la y e r  on tb e  a c t iv e  la y e r  s id e  w i l l  have to  in c re a s e  
( f i g  3 . 4 . 2 5 ) .  The s o u rc e  d r a in  r e s is ta n c e  w i l l  in c re a s e  and 
w i l l  g iv e  r i s e  to  an in c r e a s in g  v o lta g e  t r a n s ie n t .  These 
e f f e c t s  a re  o n ly  o b s e rv e d  f o r  lo n g  ze ro  b ia .s  p u ls e  w id th s  
because  th e  h o le  c a p tu re  r a t e  i s  l im i te d -  b y  tb e  h o le  c o n c e n t r a t io n  
i n  th e  b u f f e r  l a y e r .
The p re se n ce  o f  a space  c h a rg e  r e g io n  a t  tb e  a c t iv e  la y e r  
i n t e r f a c e  w i th  e i t h e r  a b u f f e r  la y e r  o r  a s u b s t r a te  can g iv e  
r i s e  to  t r a p p in g  e f f e c t s  w h ic h  a re  s e n s i t i v e  to  th e  a p p lie d  
g a te  v o lta g e  and w h ic h  can  a f f e c t  tb e  d e v ic e  c h a r a c t e r i s t i c s .
Chrom ium t r a p p in g  le v e ls  have  been seen to  be a m a jo r  cause 
o f  th e s e  e f f e c t s  and may a ls o  be r e s p o n s ib le  f o r  t r a p p in g  
i n  tb e  b u lk  o f  tb e  a c t i v e  l a y e r .
3 .4 .3  S tu d ie s  o f  T ra p p in g  L e v e ls  A s s o c ia te d  w i t h  Io n  Im p la n ta t io n
and R e la te d  T e c h n iq u e s
3 .4 .3 .1  I n t r o d u c t io n
The t o p ic  o f  io n  im p la n ta t io n  f o r  d o p in g  GaAs has been c o v e re d  i n  
many p re v io u s  th e s e s  and w i l l  p re s e n t enough m a te r ia l  f o r  even 
more i n  tb e  f u t u r e  and so a re v ie w  o f  th e  s u b je c t  i s  o u t o f
2 2 5
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Fig 3*4*
z e ro  
bias
r e v e rs e  
bias
metal j n la y q r  | S I  b u f fe r
24 The hand, diagram for a FET layer showing the behaviour
of the hole quasi Fermi level under reverse bias from [31 ]
metal n la y e r b u f fe r
Fig 3*4.25 The space charge regions present in a FET layer showing
the increase in the interface region width (dotted) after 
pulsing the surface Schottky to a lower reverse bias.
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place in the present work. Several review articles have been 
published [eg 123, 124, 125] which give an insight into the 
state of the art and current problems. It is the purpose 
of this investigation to examine only the deep levels associated 
with the annealing of samples at temperatures in excess of 
1070K since such annealing is necessary to remove radiation 
damage from ion implanted samples.
The causes of radiation damage have been outlined already 
(section 3.2.1) and it has been shown bow most light ion damage 
can be annealed out at high temperatures (section 3.2.8).
Heavier dopant ions require temperatures in the region of 
1070-1170K before maximum electrical activation of the implanted 
ions is achieved. Generally a thin dielectric encapsulating 
layer is deposited on the surface of the GaAs to prevent 
dissociation at these temperatures, Silicon nitride (Si^N^) 
deposited by chemical vapour deposition from silane and ammonia 
has been shown [126] to give reproducible results after annealing 
at temperatures upto 1220K. Annealing using a pulsed laser 
or scanning electron beam instead of an electrical furnace 
has also been successful [eg 127, 128]. It has been found 
that an encapsulant is not necessary for these alternative 
methods and can in fact give rise to unwanted effects [129].
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in GaAs substrates implanted with S and annealed with a
/  «-
Si~N capping layer at 1073K [130]. DLTS has recently been 
reported as detecting both bole and electron traps in n type 
GaAs epitaxial layers which were implanted with beryllium 
and annealed with a silica capping layer at 1038K [131].
Tbe traps were detected in the low doped n type region ‘beyond 
the implanted p contact indicating that defect migration 
was occurring during the implantation or anneal. The effects 
of implanting through the Si^N^ capping layer into low doped 
buffer layers have also been investigated using DLTS [132].
3.4.3.2 Experimental Studies of Samples after deposition 
of Silicon Nitride and Subsequent Annealing
The samples examined in this investigation were prepared during 
tbe commissioning of a Si^N^ deposition kit at the 
Post Office Research Centre. The system is similar in principle 
to tbe one reported by Donnelly [125] and a detailed description 
of it and tbe deposition parameters will be given elsewhere 
[133]. The quality of the silicon nitride is critically dependent 
on parameters such as tbe rate and temperature of deposition 
and tbe following results show how the carrier concentration 
profiles and DLTS spectra can be affected by annealing at 
different temperatures and how nitrides deposited under nominally 
identical conditions (970K for 8 secs) can give variable 
results.
Transient capacitance has been used to study deep levels present
The carrier concentration profiles and DLTS spectra of the 
material were examined both before and after nitride deposition 
and after subsequent annealing at temperatures upto 1248K.
The first samples usually showed large dips in carrier concentration 
near the surface after annealing together with accompanying 
negative DLTS spectra (fig 3.4.26). It was necessary to etch 
upto 1.6/Im from the surface of these samples before the carrier 
concentrations showed any recovery to their previous levels 
and the DLTS spectra became well-behaved (fig 3.4.27). This 
behaviour is very similar to that experienced previously in 
the case of annealing of proton bombardment damage (section
3.2.7), As in the proton case, the negative DLTS peaks were 
usually broad and even the well-defined ones gave emission 
rate data which produced poor least squares activation energy 
fits and anomalous values. It was thought that the negative 
spectra were due to the series capacitance effects previously 
discussed (section 3.2.10.4), Not all the samples gave anomalous 
negative peaks although the carrier concentrations still showed 
dips at the surface (fig 3.4.28), In some cases only the 
"A" centre was present showing that it was unlikely that the 
silicon nitride was reacting or diffusing into the GaAs as 
has been observed with laser annealing [129]. It was thought 
probable that the anomalous effects and decreased carrier 
concentrations were due to incomplete protection by the encapsulant 
allowing surface decomposition to occur. This was supported 
by the evidence that in any one batch of samples those annealed 
at higher temperatures usually showed the most degradation.
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Fig 3*4.29 Carrier concentration profiles and DLTS spectra before 
and after deposition of Si^N^ and SiO^ (P0 40)
Later batches of samples showed that the deposition of the 
Si^N^ followed by a sputtered silica (SiO^) layer to give 
protection from mechanical damage such as scratching did not 
give rise to any appreciable changes in the carrier or trap 
concentrations (fig 3.4.29). A slight trend towards a negative 
going peak at 270K was observed in the encapsulated samples. 
Occasionally in samples with very low trap concentrations, 
the "A" centre was seen to anneal out below the detection 
level (fig 3.4,30). The anomalous effects after annealing 
at high temperatures were not so large in the later batches 
(fig 3.4.30) indicating that the quality of the nitride was 
better and more reproducible.
One batch of nitride*)' encapsulated samples which showed little
change in carrier concentration and in the DLTS spectra following
1 ° ~deposition and annealing had a subsequent implantation of 5 x 10 “cm
350 keV Se ions (fig 3.4.31). The results show that there 
i “3are approximately 1 x 10 cm trapping levels present after 
annealing at 1098K for 15 mins. Since an identical sample
which was not implanted had a trap concentration of less than 
13 -33 x 10 cm it was thought that the trapping levels in the
implanted sample were due to residual implantation damage.
Attempts have also been made to examine implants into semi-insulating
buffer and substrate layers but the DLTS spectra from these
samples were very broad and sometimes quite large in magnitude
(fig 3.4.32). The activation of these implants was good, with
17 -3carrier concentration levels of 1-2.5 x 10 cm  ^ and so it is 
suspected that most of the traps observed are present prior 
to implantation.
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Fig 3*4*32 DLTS spectra of ion-implanted semi-insulating 
substrate (a,b,c) and buffer (d) layers.
It should be noted tbat most of the samples in this investigation 
have also been examined using pbotoluminescence (by P A Leigh 
at the Post Office Research Centre) but no direct correlation 
with the levels observed using DLTS was found.
3.4.3.3 Electron Beam Annealing of Ion Implanted GaAs 
Electron beam annealing of ion implantation damage has only 
very recently been investigated. It is attractive from a 
production point of view because it eliminates the need for 
encapsulation of the GaAs. There are two basic methods by 
which annealing can be achieved. In the single exposure method 
the electron beam scans over the sample in a single raster 
scan with an energy density and scan rate sufficient to heat 
each area so that annealing takes place. This method can 
also be used to anneal in selected areas of the slice for 
device fabrication. The second method is the multiple scan 
or bulk beating method in which the sample is gradually heated 
up over several scans of the electron beam. The first method 
has the advantage tbat by choice of the correct beam energy, 
the bulk of the sample can be kept cool whereas in the second 
method the depth of penetration of the electron beam is not 
so critical since the whole of the sample is heated up. The 
principles of operation are summarised in fig 3.4.33 and the 
method placed in context with the more widespread laser annealing 
systems.
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The samples in this investigation were all irradiated using 
the bulk heating method at•the Engineering Laboratories of 
tbe University of Cambridge. Carrier concentration profiles 
and DLTS spectra were taken after implantation and electron 
irradiation of the VPE layers. Surface stripping was also 
carried out to determine the depth of any implantation or
i
irradiation damage. Fig 3.4.34 shows results of carrier :
concentration profiling and DLTS spectra taken at three depths.
The surface samples show that the implant has been activated
but there are several trapping levels present as well as a
negative ^ transient indicative of surface damage. After removal
of 0*5 p v \ tbe DLTS spectrum shows only tbe presence of tbe
"A" centre and tbe carrier concentration profile shows that
this is tbe limit of the implant range. At greater depths
15 -3the background doping level of 5 x 10 cm is attained and 
the "A" centre is present in low concentrations. The lower 
temperature peak observed near tbe surface may be related to 
electron damage since tbe E4 level seen in proton irradiated 
material (section 3.2.4.1) occurred at a similar temperature 
and had trap parameters very close to this. The higher temperature 
peak is almost certainly the A centre which is displaced in 
position by tbe lower temperature peak.
Examination of subsequent samples revealed a peak characteristic 
of the E5 level in proton and electron irradiated VPE layers 
(fig 3.4.35) although this again may be tbe "A" centre affected
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Fig 3*4*34 Carrier concentration profiles and DLTS spectra
of an ion implanted (si) and electron -beam appealed 
(30kV 0.5mA ~ps) sample (CG284„3B Jp)
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by tbe lower temperature peaks. A sample which had been electron
irradiated but not ion implanted showed no trapping levels
13 -3were present in concentrations greater than 2.5 x 10 cm -
(fig 3.4.36). There was only a small "A" centre peak present 
in tbe sample which bad been stripped to reveal lower doped 
material. (The doping level in this slice was non-uniform 
since it was originally intended for IMPATT diode fabrication) .
These results indicate that tbe electron irradiation does 
not lead to defect introduction and those damage levels present 
in tbe implanted samples are most likely due to residual 
implantation damage.
3.4.3.4 Discussion
It has been shown tbat difficulties exist in deposition of 
Si^N^ sufficiently high quality to prevent surface degradation
of tbe GaAs during annealing at high temperatures. Problems 
highlight themselves only when tbe sample is annealed and 
differences between nitrides are not obvious from the behaviour 
of the carrier concentration and DLTS spectrum after deposition.
This indicates that it is not tbe actual deposition of the 
nitride tbat causes surface degradation but subsequent prolonged 
high temperature treatment. The only changes observed in 
the DLTS spectrum after deposition and annealing of "good" 
quality nitride are decreases in the concentration of tbe 
peak due to tbe "A" centre in GaAs. This behaviour has been 
observed during annealing in tbe proton bombardment investigation 
(section 3.2) and has also been reported in studies of laser 
annealing of GaAs [134, 135].
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has been shown to result in residual implantation damage being
present after annealing. Jarvis et al [132] have compared
the trap densities in samples which have had similar treatment
with those which have been encapsulated after implantation-
and found greater numbers in the former. This was attributed
to contaminants in the capping layer diffusing into the GaAs
via paths opened up during the implantation. However it could easily
be due to an outdiffusion from the GaAs during annealing.
It is not obvious from the present work whether the trapping 
levels observed arise from these reasons or whether they are 
due. to implantation damage. They are an order of magnitude 
smaller in concentration than those found by Jarvis et al 
and represent only 0.1% of the activated carrier concentration 
compared with a value of 3% for Jarvis’s samples. These differences 
may be due to either the relative qualities of the silicon 
nitride or the doses used in the ion implantation.
Similar difficulties in examining the DLTS spectra of implanted 
semi-insulating substrates were experienced by Jarvis as in 
the present investigation and broad spectra, characteristic 
of interference between levels were observed. It is likely 
that a number of these levels are characteristic of the 
serai-insulating substrates rather than implantation damage.
It is interesting to note that Jarvis detected the "A" centre 
after ion implantation of his LPE layers. It is however,
Implantation through a silicon nitride encapsulating layer
unlikely that it is directly attributable to oxygen as 
suggested, since work by Lang and Logan [17] proved that the A 
centre could not be introduced into LPE GaAs by growth in conditions 
which would lead to oxygen incorporation. An increased 
concentration of this centre has been observed in tbe present 
investigation in those samples implanted and electron irradiated.
It was concluded that its presence is due to residual implantation 
damage rather than any electron irradiation effects. It has 
also been observed after proton bombardment at high doses 
(section 3.2.10.3) and similar conclusions were deduced then.
No other DLTS studies of electron-beam annealed GaAs following 
ion implantation have yet been reported but the initial results 
obtained in this work indicate that it is a promising technique.
3.4.4 Conclusions
Results obtained and discussed in the previous sections show tbat 
a very complex situation regarding deep levels exists in the field 
of FET materials technology. These arise mainly from the requirement 
for thin uniform n type layers on serai-insulating buffer layers 
or substrates,If VPE technology is used to achieve this, problems 
due to outdiffusion of chromium into the buffer and active layers 
occur and give rise to poor device parameters. Ion implantation 
technology also has its own problems related to the annealing out 
of the radiation damage caused by the dopant ions as they enter 
the lattice.
This investigation has shown how DLTS can be used to detect trapping 
levels associated with deep levels at interfaces in VPE buffer
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at this interface. No correlation of device parameters with these
/  *•
trapping levels has bee'h carried out but a long term drift in the 
source drain current as observed by other workers and attributed 
to these traps has been detected. Future work will involve a more 
detailed correlation with device parameters and life-testing now 
that a basis for the understanding of the effects has been established.
The results of investigations into silicon nitride encapsulation 
of GaAs for high temperature annealing have led to an empirical 
method for predicting the quality of subsequent implantation and 
annealing. It is possible to anneal a silicon nitride encapsulated 
sample before implantation and to examine its carrier concentration 
profile and DLTS spectrum. If this shows no significant surface 
degradation it has been found that other nitrides prepared in tbe 
same batch are likely to be of "good" quality also. These can 
then be ion implanted and annealed. If the nitride is of poor 
quality it can be removed from tbe other samples in the batch and 
a new deposition carried out. This means that unnecessary implantation 
and annealing which would only lead to damaged surface layers is 
avoided. A similar test may also be applicable to semi-insulating 
substrates which tend to show thermal conversion at the surface 
after high temperature annealing.
DLTS is also useful for detecting residual implantation damage 
after annealing using both furnace and electron beam methods.
It will enable annealing schedules to be optimized for minimum 
trap concentrations once more basic parameters such as carrier 
concentration and distribution are fully controlled for device 
fabrication.
layers and in particular the presence of chromium as a hole trap
5 GaAlAs Double Heterostructure (DH) Stripe Geometry Lasers
3.5.1 Introduction to Degradation Studies of DH Lasers
Semiconductor lasers have been used in the pulsed mode for a number
of years in applications such as range finding. When a laser is
used in an optical communications system in the continuous mode,
however, degradation of its light output becomes more of a problem
4and it is only recently that acceptable lifetimes (>10 hours) 
have been achieved [136]. The degradation is characterised by 
the increased threshold current for the transition from spontaneous 
to stimulated light emission.
It is well established [137] that short-lived lasers, with lifetimes 
of hours or less, exhibit growth of dark line and dark spots in 
the active stripe region. These dark areas are associated with 
the climb of dislocations into the active layer [138]. There are 
two possible mechanisms of climb involving either the absorption 
of point defects [139] or production of point defects by recombination 
at the dislocation [140]. Recent evidence using SDLTS (section
2.4.7) supports the former mechanism since the concentration of 
a donor related, DX, centre has been shown to decrease in the 
vicinity of dark line defects [141]
Longer lived lasers do not normally exhibit dark line defects [142] 
and it has been suggested that degradation is due to an increase 
in the density of non-radiative point defects in the active region 
[143]. This possibility is supported by the discovery of defect 
mobility being enhanced by non-radiative recombination [102].
No direct observation of defect production by such a mechanism
has been reported to date but migration of defects into laser stripes
defined by proton isolation has been seen [104].
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Newman et al [144] have observed a broad luminescence band centred 
at 1.0 eV in double heterostructures (DH) which was attributed to 
defects in the active region. Metz [145] has also studied this 
emission and speculated that it is due to radiative recombination 
at defects which are similar, if not identical to, the E3 level 
observed by DLTS in electron irradiated GaAs and GaAlAs*Imai et al 
[146] have reported that the 1.0 eV peak intensity increased with slow 
degradation during accelerated ageing of DH laser diodes. No 
decrease in carrier lifetime was observed during ageing and so 
it was concluded that the level responsible was acting not as a 
carrier trapping centre but as a photon absorption centre. Recently 
van der Ziel and Hartman [147] have shown that the 1.0 eV luminescence 
peak does originate from the E3 level or a closely related vacancy donor 
complex but that this is in the GaAs substrate rather than the 
active region. The ageing of the lasers was not closely 
followed but the intensity of emission from the level was not 
significantly different for lasers aged for short or long periods.
It was concluded that the laser lifetime is not correlated with 
this peak.
DLTS studies of GaAlAs LEDs by Balland [148] have found a large 
number of hole and electron trapping levels but their behaviour 
during ageing has not been reported. Balland et al [149] have 
also used transient current spectroscopy (section 2.4.4) to examine 
DH LEDs and have illustrated that it is possible to observe very 
shallow trapping levels using high emission rate windows. Uji 
[150] has used DLTS to study the effects of different growth conditions
were inconclusive since certain levels were seen both to increase
and decrease at different temperatures and in different slices.
The first explicit correlation between deep level densities in
tbe active layer of GaAlAs LEDs and their slow degradation has
recently been reported by Kondo et al [151]. Two new trapping
levels were observed to be introduced into tbe active region during
-2accelerated ageing at 453K with a current density of 200A cm
In tbe present investigation conventional DH oxide stripe geometry 
lasers fabricated by Standard Telecommunications Laboratories (Harlow) 
[152] under contract to tbe Post Office have been examined. The 
lasers have undergone accelerated lifetesting, as described 
in detail elsewhere [153] and tbe DLTS spectra examined.
Photoluminescence [136] has also been used to examine tbe degraded 
devices.
3.5.2 Experimental Results
A total of 18 laser diodes mounted on gold plated copper heat sinks 
with indium (fig 3.5.1) have been examined during lifetesting under 
constant current conditions at 328 or 363K in a dry nitrogen ambient.
One diode in each batch was temperature stressed only, in order 
to differentiate thermal effects from those associated with the 
current flow. A screening of tbe diodes was carried out prior 
to lifetesting by operation at room temperature for 500 hours to 
eliminate any short-lived devices. The diodes were taken off lifetest 
periodically to allow tbe lasing thresholds to be measured and
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on the deep levels present in DH lasers. Observations during ageing
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it was at these times that DLTS measurements were carried out.
Care had to be taken not to exceed a temperature of 363K during 
the DLTS runs since problems associated with increased thermal 
resistance of the bond from Au-In intermetallics have been previously 
observed [136].
DLTS spectra were taken under a variety of conditions since the 
p-n junction structure allows the observation of both majority 
and minority carrier traps. The doping levels were such, however, 
that sufficient reverse bias could not be applied to allow observation 
beyond the pGaQ 95AIQ 95^  “ nGaQ 7a1q 3As layers. The similar 
doping levels in these two layers meant that depletion occurred 
in both. This made it difficult to interpret the results since 
a majority carrier trap could be an electron trap in the n-type 
layer or a hole trap in the p-type layer.
A typical majority carrier spectrum is shown in fig 3.5.2. No 
higher temperature peaks were observed even in one sample which 
was taken upto a temperature of 403K. All four batches of diodes 
showed similar spectra although the peaks from batch to batch were 
displaced in temperature. This allowed the position of the very 
low temperature peak to be observed in one batch. The variation 
in peak position can be attributed to slight variations in Al content 
from layer to layer as shown by Lang et al [154]. Minority 
carrier spectra were also taken after a forward bias injection 
pulse of 10 mA. Only low temperature peaks were observed. Minority 
and majority carrier spectra are compared in fig 3.5.3 for a 
sample in which the low temperature majority carrier peak was 
observable. In some cases both majority and minority carrier peaks 
were observable in a minority carrier run (fig 3.5.4).
T(K)
Fig 3-5o A comparison of majority and minority carrier trap 
spectra from a DH laser (PJ3574)
T(K)
Fig 3«5»4 Majority and minority carrier spectra for a DH laser showing
the presence of the P02 majority carrier trap after a minority 
carrier injection pulse (RB57”0«
DLTS spectra were taken at intervals up to 4000 hours 
but no changes were observed. The peak height did not change 
significantly and no new peaks appeared in the spectrum even though 
the degradation of the lasers in terms of increases in threshold 
current were appreciable. The only difference observed in the 
degraded lasers was a softening of the reverse I-V characteristic.
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Those samples which were temperature but not current stressed,
did not show this softening (fig 3.5.5) which has been attributed
to surface leakage [153] but may be due to some recombination enhanced
process. Calculations of trap concentrations have been carried
out but these are only approximate due to several factors. It
has been assumed that the room temperature capacitance can be expressed
in terms of a uniform two sided heterojunction [155]
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At lower temperatures deionisation of the tin dopant in the 
nGaAlAs layer [153] results in a lower capacitance (fig 3.5.6) 
and consequently a lower carrier concentration. Reapplying and 
rearranging eqn 3.5.1 gives the expression:-
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Fig 3*5*5 Comparison of I-V characteristics of lasers which have undergone 
thermal ageing (RB514) and also current stressing (RB511) at 
36pK for 400hrs
TIK)
Fig 3*5*6 The capacitance temperature characteristic of a tynical 
D H laser (RB5 0 3).
Thus from a knowledge of Na and and the variation of capacitance 
with temperature the corresponding carrier concentration may be 
determined. An attenuation of the DLTS signal occurs due to the 
fact that traps are only emitted from one side of a uniform p-n 
junction. The fractional change in capacitance due to traps emptying 
on the n side for example,ACn is related to the measured change, 
by tbe expression
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If emission occurs throughout one side of the depletion region 
the trap concentration, N » may be calculated from
2 nT  J S
NT exp (-et^) - expC-et^ ) CR   3.5.4
Trap density calculations made using these assumptions and approximations 
are summarised in table 3.5.1. This also details tbe conditions 
under which accelerated ageing was carried out and the amount of 
degradation observed. The results show that the concentrations 
of the particular levels are similar from batch to batch although 
tbe absolute values should be taken as lower limits. This is especially 
true in the case of the batches in which the temperature of the 
peak due to tbe P01 level was below the limit of measurement.
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Accelerated Ageing Parameters DLTS Trap ConcentrationsLaser (cm-3 ;
Temp (IQ Time (hrs) I (mA)
M U
P01 P02 P03
RB383,501-504 363 4000 120 20-50 >1 x lA6 9 x 1015 3 x 1014
RB511-514 363 4000 120 50-200 >6 x l A V 4 x 1015 1 x 1014
15 15 14
RB559-574 323 1000 120 20-60 >6 x 10 2 x 10 3 x 10
RB723-744 363 2000 120 or 50-150 5 x l A5 1 x 1015 4 x 1014
320
Trap density calculations assume N -• - 4 x 10 cm
Table 3.5.1 Summary of laser Degradation Parameters and
Trap Concentrations
Estimates of the minority carrier trap concentrations have not been
included due to further complications arising from the interference
of the two majority carrier traps with the minority carrier spectra.
These will affect both the peak position and peak height. The
rapid variation in capacitance at low temperatures due to carrier
freeze out effects also made it impossible to calculate the trap
activation energies for the P01 and P04 levels. The P02 level
had a measured activation energy of 0.35 eV and apparent capture
-13 2cross section of 5 x 10 cm although these values should be 
treated as approximate because of uncertainty in the 
actual chip temperature. This arose from temperature gradients 
across the laser header and consequent thermal lags between the 
thermocouple and sample in the cold finger cryostat (section 3.1.2). 
This work was carried out prior to the arrival of the exchange 
gas cryostat in which a thermocouple could be mounted on a dummy 
laser header in a symmetrical position.
Subsequent examination of the lasers after removal of the contacts 
and the p GaAs layer showed that localised dark spots were present 
[156]. These often had lines emanating from them which have been 
shown to be associated with strain originating at the spot [136].
Such spots and line features have previously been observed on devices 
degraded at 363K but as yet there is no general correlation with 
degradation rate [136].
3.5.3 Discussion
3.5.3.1 Identification and Location of the Observed Trapping Levels
Previous DLTS studies of DH lasers have been carried out by
Bell labs and NEC [104, 150], Their results and experimental
structures are compared with those of the present investigation
in fig 3.5.7. The differences in the laser structures mean
that care must be taken when comparing the DLTS spectra.
The Bell lasers for example, were proton isolated and a peak
corresponding to the E3 level in n type GaAs was observed
after ageing under lasing conditions. This is labelled B3
and its position in temperature illustrates the magnitude
of the shift in peak position which occurs when it is observed
in n Ga - Z Z  oAs layers. This peak is associated with the U « / U • -3
method of production of the stripe geometry and would not 
be expected to be observed in non-proton isolated stripe lasers.
Comparison of the lower temperature peaks seen in the three 
studies gives some insight into the identification and location 
of the peaks observed in the present investigation. Three 
majority carrier trap peaks Bl, LE2 and P02, are all located 
just below 200IC. A more valid comparison is that of their 
activation energy plots. This takes account of the different 
emission rates used although differences in activation energy 
arising from aluminium content variations would still be expected.
Fig 3.5.8 shows that the PO and NEC peaks are very similar 
in gradient. The differences in absolute position in temperature
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probably arise from the temperature measurement problems discussed
previously. Uji of NEC [150] has found this level to be an
electron trap in the nGa^ 7A1q ^As layer (fig .3.5.7b). It
was observed only when the reverse bias voltage was sufficient
to deplete through the lower n GSq 95AI 05^S ^a7er int0 Uie
top layer. Its identification as an electron trap was made
by separate measurements on Schottky diodes made on specially
grown single epitaxial layers. It was observed in both Sn
and 11 undoped" nGan 7A1 As but not in "undoped" n LPE GaAs
layers. This does not mean unambiguously that it is not in
the p Ga 7A1 As layer also. However its observation in the PO lasers, w. / 0 . j
where the p layer has a different composition 9 5 ^ 0  05^S^
and did not undergo complete depletion throughout its whole 
thickness into the p GaQ yAl^ ^As layer, indicates that this 
interpretation is correct.
The lower temperature LEI and P01 peaks are similar both in 
temperature and in their magnitudes relative to LE2 and P02. No 
trap parameters for the LEI level were quoted by Uji [150] nor 
was any indication of its location given. This may be due 
to his encountering similar problems associated with carrier 
freeze-out as were experienced in the present investigation.
No data on the LH^ and LH^ levels is given but it is stated 
that these appeared quite differently from sample to sample.
This is confirmed by the present investigation in which the 
P05 level was not always observed (figs 3.5.3, 3.5.4) due 
to the presence of majority carrier traps.
The B2 level, observed by Lang [104], which is actually
due to two unresolved peaks, had an apparent activation energy
of 0.21 eV but was not identified. A hole trapping level
due to Cu has been observed with an activation energy of 0.15 eV
in pGaAs [17]. If this activation energy is corrected for
the Al content in nGan 7A1 A s , using the data presented b y
v* / 0.-5
Lang et al[84] the activation energy is then approximately 
0.21 eV. Another level associated with Cu, having an activation 
energy of 0.44 eV in GaAs (0.60 eV in Ca _A1 As) is alsoU (» / U *
usually observable [17]. This should appear in the region
of 270-275K and is larger than the 0.21 eV peak. No such
peak was observed in either the Bell or the present investigation
casting doubt on the.assignment of the B2 and P04 level to
Cu. The B2 level was not observed when Lang and Logan [157]
studied lasers with an n type layer containing only 22% aluminium.
Since the effect of decreasing aluminium content to 22% would
be to decrease the temperature at which the peak occurred
it may have been below the temperature range of the measurement
system. This rather weak evidence for assigning this level
to the tiGa 7A1 As layer is supported by the fact that this U • / U *
layer is the only one in the region of observation that is
common to the three types of structure (fig 3.5.7) and that
previously no minority carrier traps below room temperature
have been observed in LPE pGaAs or pGaAlAs [17, 157, 158],
The LH2 and P05 levels are also probably located in the
nGa^ yAl^ ^As layer since the active layers in the P0 and NEC
structures are p and n type Ga Al As respectively. If0.95 0.05
this level was located in these layers it would produce opposite 
sign DLTS peaks. Its absence in the Bell DLTS spectrum is 
probably due to the predominance of the B1 majority carrier 
peak.
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The P03 majority carrier trap was not detected in either of
the other two investigations. Its magnitude was too small
/  *
and the shape too broad'to allow activation energy determinations
to be made but Lang and Logan [158] have detected a hole trapping
level at 300K due to Fe (E = 0.52 eV) in LPE p type GaAs.pa
This assignment is more likely than that of the characteristic
native defect labelled B by Lang and Logan [158] which would appear
above 350K. It is not likely to be an electron trap in the
nGa Al As layer since Cr, the only majority carrier trap 0 • / 0 • 3
observed in n type LPE GaAs above room temperature, appears 
at 430K [17] and would be seen at an even higher temperature 
in a layer containing 30% A l .
3.5.3.2 The DX Centre
The B1 level reported by Lang et al [104] has been identified
as a complex defect, the DX centre, involving the donor dopant
atom in the tellurium doped nGaAlAs layer [159], The name
is derived from its relation to the donor (D) atom and some
unknown defect (X) although recently the unknown defect has
been postulated to be an anion vacancy [160] ie DX = Tev^s
in the case of tellurium doping. This complex is often the
dominant donor in GaAlAs [161] and is responsible for persistent
photoconductivity effects seen in a number of III-V compounds
[159]. It has a very large Stokes shift since its thermal
depth from the conduction band is 0.1 eV while its optical
depth is approximately 1.0 eV. It also has a very small thermally
-30 2activated electron capture cross section (< 10 cm ) below 
77K.
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Lang et al [160] have also carried out a preliminary investigation 
using Se, Si and Sn and "undoped" material. Of these the 
results on the Sn doped samples are of most interest to the 
present investigation. Two peaks were found to be associated 
with Sn DX centre at 245K and 130-140K. Ufrien the different 
emission rates in the present investigation are accounted 
for, the predicted positions that these peaks would appear 
at are 150-150K and 95-105K. These are very similar to positions 
of-the POl and P02 peaks in fig 3.5.7c. The tellurium DX 
centre showed no systematic correlation of peak position with 
Al content and so lack of knowledge of this parameter in the 
case of the Sn doped samples is not so important from the 
point of view of predicting peak positions. This puts into 
doubt the previous conclusion that the shift to higher temperatures 
in some hatches was purely due to increased Al content (section 
3.5.2) since Lang et al saw peak position variations of up 
to 50K from sample to sample.
Another observation by Lang et al [160] was that the DLTS 
signal from the Te DX centre decreased dramatically when the 
aluminium content was below 35% (fig 3.5.9) but that this 
was due to the level crossing the Fermi level rather than a true 
decrease in its concentration. If the same situation applies 
to the Sn DX centre then the apparent concentrations measured 
in the PO samples (table 3.5.1) with an aluminium content 
of 30% are grossly underestimated. This centre may thus be 
the dominant donor level in Sn doped nGaAlAs as it is in the
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Fig 3*5*9 The variation in the DLTS signal height of the DX centre 
as a function of Al content from H60J
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tellurium case. This possibility is supported by the measured 
capacitance-temperature characteristic (fig 3.5.6) which shows 
a gradual drop in capacitance from 300 to 100K. The tellurium 
doped samples of Lang et al also showed the sane characteristic 
(which was noted as being unusual). A normal doiaor level 
would exhibit a relatively temperature independent C(T) curve 
down to the temperature at which the emission rate of the donors 
or the device RC constant could no longer follow the measurement 
frequency.
Uji [150] concluded that the LE2 peak (fig 3.5.7 ) was not
a donor atom related defect but was associated with the cleanliness
of the growth system. He found that the concentration was
independent of the Sn doping in the epitaxial layers but that
it increased when layers were grown in a hydrogen atmosphere
contaminated with oxygen. These results do not rule out the
possibility that this level is the DX centre since its concentration
may be limited by the availability of complexing centres (X)
which depend on the growth conditions. Uji [150] also detected
the LE2 level in nominally undoped nGaAlAs whereas Lang et
al [160] found that non-intentionally doped samples showed
no DLTS peaks or any of the properties associated with the
DX centre. This anomaly could be due to different background
donors present in the different growth kits and Lang et al
suggest carbon as a likely candidate in their case. There is
no evidence at present to suggest that elements other than
Te,Se, Sn and Si produce DX centres. Uji [150] found that
the LE2 centre had a non-exponential electron capture process
- 2 1  - 2 2  2with an electron capture cross section of 10 -10 cm
-30 2at 150K (cf TeV centre 4. 10 cm below 77K).As
Balland et al [162] have reported capacitance'-temperature,
current and capacitance DLTS, and optical excitation results
on Sn doped GaAlAs layers in LED double heterostructures.
The capacitance-temperature variation was measured as in the
present investigation with a Boonton 1 MHz capacitance meter
and a similar carrier freeze out effect was observed below
130K. Using DLTS in the capacitance mode (at an unspecified
emission rate window) they observed two peaks D^and D^ similar
in position to P01 and P02 (fig 3.5.10). When a high emission 
7 -1rate of e = 10 s was used in the transient current mode
an extra peak, D^, was also observed (fig 3.5.10). The optical
excitation results demonstrate that level D shows a
2
photocapacitance effect analogous to the photoconductivity 
effect observed by Nelson [161] in tellurium doped samples 
and it is this level that is the DX centre. It is suggested 
that the level is due to another form of the same defect.
This is quite plausible as the. Te DX centre has been observed 
to form two distinct peaks in some samples [160].
The positions of the peaks produced by the investigation of 
Balland et al [162] together with the predicted positions 
of the preliminary Sn results of Lang et al [160] have been 
corrected for an emission rate of 152.7s * and are compared 
with the peak positions of the FO investigation in fig 3.5.11.
This shows that P01, D2 and Bell 1 are most probably the Sn 
DX centre while P02, D3 and Bell 2 form a second level. This
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Fig 3*5*11 A comparison of peak positions (corrected for
an emission rate of 152 . 7 s ~  ) and activation energies of 
majority carrier traps in Sn doped Ga AlAs layers.
second level may be related to a further state of the DX centre.
It was not observed by Lang et al [160] in undoped material 
indicating that it is not a simple impurity defect. Neither 
the or levels are discussed by Balland et al [162] 
but in a previous paper [149] tbe activation energy of tbe 
D4 level is quoted as 0.52 eV. This supports the previous 
assignment of tbe P03 level (fig 3.5.7c) as due to Fe (section 
3.5.3.T).
In conclusion, it has been established that the P01 peak is 
tbe DX centre in Sn doped GaAlAs. The complexities of tbe 
spectra produced by DH lasers and LEDs have meant that great 
care has bad to be taken when making comparisons between different 
structures. A cursory examination of tbe DLTS spectra in 
fig 3.5.7 together with the associated activation energy plots 
(fig 3.5.8) would have indicated that P01, B1 and LE2 were 
all due to the same defect. More careful comparisons have 
shown that this is not the case.
3.5.3.3 Degradation and Reasons for its Lack of Detection 
by DLTS
The degradation of lasers has been observed without any apparent 
changes in DLTS spectra. This is in contrast to results reported 
by Uji [150] who reported sizable increases in the LE2 peak 
(equivalent to tbe P02 peak) when accelerated aging at a junction 
temperature of 473K and a current of 150 mA was carried out.
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and could actually be decreased by thermal treatment alone
at 493R. Results were variable from batch to batch and some
diodes showed a decrease in concentration of -this level even
by ageing with current injection. Tbe results are far from
consistent and no mention was made of whether the light output
degradation was uniform or consisted of dax*k line and dark
spot defects. The temperature was so high that it is feasible
the changes are a thermal bulk effect and not related to laser
degradation. Similar comments apply to tbe results of Kondo
et al [151] who carried out ageing at 453K on LED structures
with a p Ga QA1 As active layer and observed increases in u • y u«i
the A and B levels characteristic of LPE layers [158]. In 
this case it was stated that dark line defects were not observed 
after degradation. The investigation by Lang et al [104] 
produced no appreciable changes in the DLTS peaks other than 
tbe one associated with the proton bombardment procedure for 
stripe definition. It is perhaps significant that the ageing 
temperature of 343K was very similar to those of 323 and 363K 
used in tbe present investigation. It was not reported whether 
degradation was uniform or non-uniform in their samples.
It has been established that the local concentration of tbe 
DX centre in GaAlAs near <100> dark line defects is reduced 
due to their absorption in the climb process [141]. In order 
to observe these changes it is necessary to use DLTS in a 
localised excitation mode such as SDLTS (section 2.4.7).
The concentration of the level saturated after 15-20 hours
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Such methods are far from simple to implement. It is questionable 
whether the effort is repaid in terms of results since the 
DX centre can only be observed in GaAlAs layers with Al contents 
in excess of 20% (fig 3.5.8) ie it would not be observable 
in the active pGa Al As region of DH lasers. It would
U a J D Uo U J
be interesting to see whether the dark spots and stress lines 
emanating from them, which are present after slow, as opposed to 
rapid degradation, are also associated with this centre.
It would also be useful to have a less sophisticated local 
excitation mode to allow excitation of the laser stripe as 
opposed to the whole chip area. Under reverse bias the capacitance 
is due to the whole chip whereas any changes in trap concentration 
occurring due to homogeneous degradation of the stripe area 
would result in an attenuation of the change observed in the 
DLTS signal by a factor of approximately 20. An optical 
excitation system under constant reverse bias using a laser 
beam to pulse the stripe area would improve this situation 
since only traps in the stripe region would contribute to 
the change in capacitance. The. current DLTS mode could be 
used to increase the sensitivity of the measurement since 
there would be no contribution from the rest of the chip.
Optical methods may also allow observation of levels whose 
occupancy is unaltered by conventional electrical pulsing 
techniques. This type of level includes unsaturable minority 
carrier traps and traps which do not appear above the Fermi 
level (section 2.5.3).
Preliminary work using a YAG laser to stimulate STL lasers 
was attempted but the structure of the lasers is such that it 
proved impossible to get sufficient light into the thin 
active stripe region. Clearly, simpler structures would be 
useful for this type of work. They would also allow interpretation 
of results to be made more easily. Unfortunately from this 
point of view, the major effort has to go into production of 
devices rather than special structures and so such structures 
have not been fabricated.
3.5.4 Conclusions
DLTS has been used to examine the deep levels occurring in STL 
DH oxide stripe geometry lasers, A total of three majority carrier 
trapping peaks and two minority carrier peaks have been observed.
Attempts to identify and locate the layers in which the traps are 
present have been made by comparisons with other studies. In particular, 
a level associated with the DX centre has been identified in the 
Sn doped nGa 7A1 „As layer. This level has previously been associated
U • / U • *3
with the formation of dark line defects in the active region but 
no change in its concentration was observed in the present investigation. 
The reasons for the lack of observation of any changes in DLTS 
spectra despite significant degradation of the lasing threshold 
current density have been discussed and ways in which these problems 
may be reduced have been suggested.
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The technique of Deep Level Transient Spectroscopy has been used to 
investigate several types of defects in GaAs. In this section the main 
results and conclusions, drawn from the fuller discussions in the relevant 
experimental section, will be summarised and the usefulness of DLTS 
as a routine assessment technique will be analysed.
4.1 Proton Bombardment
Proton bombardment was used to introduce defects related to radiation
damage into n type VPE GaAs layers. The DLTS spectra produced 
12  -2by very low (<10 cm ) doses proved to be some of the simplest 
for ease of interpretation: Three electron trapping levels were
introduced by the proton irradiation and an analysis of their trap 
signatures showed that they were the sane as those seen by other 
workers after electron irradiation of LPE GaAs. The main differences 
between the two types of radiation were in the numbers of defects 
that were produced and the relative magnitudes of the different
defect levdls. Proton irradiation produced a higher carrier removal
4 -1 -1rate <&n/0 = 10 cm ) than electron irradiation (An/0 = 0.6 cm )
and the deeper, more complex defect levels (E4 and E5) dominated
the simpler gallium vacancies (E3 level) in the case of protons whereas
the reverse was true for electrons. Increased doses of protons 
12  - 2( 1 0  era ) lead to a greater dominance of the complex defects 
and a very broad DLTS spectrum was produced which could not be 
used to calculate trapping parameters of individual levels.
4 SUMMARY AND CONCLUSIONS
The annealing of the proton related damage took place in three 
stages. The simple damage produced by the very low proton doses 
was unstable above 470K and carrier concentrations recovered to 
their pre-irradiation values after such anneals. Higher doses, 
which rendered the GaAs semi-insulating, showed a higher temperature 
recovery stage around 770K. After an anneal at this temperature 
tbe samples were no longer semi-insulating but both DLTS and carrier 
concentration profiling showed that trapping levels were still 
present. The damage was particularly prevalent at the surfaces 
of the samples and experiments were carried out on unbombarded 
material in order to ensure that this was due to radiation damage 
and not associated with tbe decomposition of the GaAs surface during 
annealing. The dominant defect in tbe DLTS spectrum after annealing 
at 770K was tbe T centre which bad very similar trap parameters 
to the dominant A centre in VPE GaAs. Unfortunately the T centre 
tended to have variable parameters as its position was affected 
by tbe presence of adjacent DLTS peaks and so there remains some 
uncertainty as to its identification.
A further recovery stage in material bombarded with high proton
doses was seen after annealing at 1020K. It was necessary to encapsulate
tbe GaAs with a layer of silicon nitride before annealing in order
to prevent dissociation of the surface at such high annealing temperatures.
The proton damage remaining after tbe second recovery stage was
seen to disappear completely although slight changes in the carrier
concentration levels of samples which had not been bombarded showed
that' some bulk effects unrelated to radiation damage were also
taking place.
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The results from the proton work indicate that the damage produced 
is intermediate to that due to electrons and heavier ions. Electron 
damage anneals out completely at 47OK while heavier ion damage 
is not removed at temperatures below 1000K. Although the annealing 
temperature for heavy ion and high dose proton damage are similar 
there is no evidence for any chemical doping effect associated 
with the hydrogen as occurs with most heavy ions.
4.2 IMPATT Diodes
The technique of proton bombardment is used to define the active 
device area in IMPATT diodes fabricated at the Post Office Research Centre. 
A thick gold plated contact is used as a mask and the surrounding 
area is made semi-insulating by high doses of multienergy protons.
Cleave and stain techniques have shown evidence of radiation damage 
spreading beneath the mask during bombardment and it is for this 
reason that further investigations into this aspect of proton bombardment 
were carried out. DLTS results have confirmed that damage is present 
at the perimeter of the device after bombardment and have also 
shown that further defect migration into the active region does 
not occur after annealing at temperatures up to 573K. Devices 
lifetested under avalanche breakdown conditions at similar junction 
temperatures for periods of up to 776 hours did not show any changes 
in either their DLTS spectra or carrier concentration profiles 
indicating that recombination enhanced defect motion was not taking 
place. These results prove that proton isolation is a suitable
technique for the fabrication of planar IMPATT diodes and that
it is not a cause of the degradation of device parameters which
occurs during operation. The stability of the defects is such
that the semi-insulating property is retained even under extremes 
of operating conditions and no significant migration of damage 
takes place.
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An investigation into another device related area, that of GaAs 
microwave FETs, revealed several types of defects which may lead 
to devices with poor operating characteristics. Normal capacitance 
mode DLTS revealed only the presence of the A centre in the thin 
n type VPE layers which are used for FET fabrication. These layers 
are grown on semi-insulating substrates and usually have an 
intermediate serai-insulating buffer layer grown by VPE as a barrier 
against diffusion of impurities from the substrate. Resistance 
mode DLTS, in which the channel resistance of a FET rather than 
the gate capacitance is monitored,is sensitive to defects occurring 
at the interface between the buffer and n type layers and has been 
used to detect the presence of chromium as a hole trapping level 
at this interface. Furthermore experiments on VPE layers deliberately 
doped with large amounts of chromium have shown that DLTS is 
relatively insensitive to the detection of chromium as an electron 
trap in n type layers. This arises from a combination of the 
position of the defect level in the middle of the band gap and 
its large hole capture cross section. The insensitivity of DLTS 
combined with recent evidence for the rapid diffusion of chromium 
from a substate at the temperatures used for epitaxial growth means 
that chromium may be present in the n type laj'er but is not detected.
A long term drift in the source-drain current has been seen in 
FETs fabricated from VPE layers and may be associated with the 
presence of chromium although a more detailed analysis of device 
parameters and data from life testing experiments is needed before 
any definite correlation can be made.
4.3 FET Materials and Devices
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of ion implantation into semi insulating buffer layers or substrates,
has also been investigated. After the ion implantation process
has been carried out the samples need to be annealed at high temperatures
using a silicon nitride encapsulating layer. Anomalous DLTS spectra
were'produced as a result of surface damage which occurred because
of poor nitride encapsulation. The spectra were similar to those
observed in proton irradiated samples when there was an increased
level of damage close to the surface. The presence of defects
was confirmed by the concentration profiles of the annealed samples
which showed large dips in level at the surface. As the process
of nitride deposition became more controlled these effects became
less severe and dips in carrier concentration were only observed
after annealing at very high temperatures ( 1220K). An empirical
method has been devised for predicting the quality of subsequent
ion implantation and annealing of samples which have been encapsulated.
It is possible to anneal a sample before implantation is carried 
out and then examine its DLTS spectrum and carrier concentration 
profile. If no significant surface degradation is apparent in 
this sample it has been found that other nitride layers deposited 
in the same deposition run are likely to be of similar high quality.
The other layers can then be implanted and annealed. If the nitride 
which was examined prior to annealing was of poor quality the other 
samples in the batch can have their nitride removed and a new nitride 
deposition can be carried out. This avoids the unnecessary time 
and expense involved in ion implantation since subsequent annealing 
of these samples would only result in damaged surface layers.
An alternative technique tor the production of FET layers, that
had residual radiation damage even after annealing although DLTS
results showed that the total trap concentration represented only
17 -30.1% of the activated carrier concentration of 10 cm . Ion 
implantation into semi-insulating buffer layers and substrates 
proved to be less amenable to investigation by DLTS since broad 
featureless spectra, which are characteristic of interference between 
large numbers of defects, were observed. A large number of these 
levels were present in the semi-insulating layers prior to ion 
implantation and were not due to residual radiation damage.
The technique of electron beam annealing, which can be carried 
out without the need for encapsulating the GaAs with silicon nitride, 
has also been investigated. No damage was observed after irradiating 
unimplanted samples with the low energy ( 30 keV) electron beam 
and those levels present after implantation and electron beam 
annealing.are due to residual ion implantation damage. The numbers 
of residual radiation defects are higher than those present after 
furnace annealing of encapsulated layers but the technique is still 
only at an early stage of development and shows great promise as 
a production process since it eliminates the extra processing stage 
needed for encapsulation of the GaAs in silicon nitride.
4.4 GaAlAs Lasers
The final investigation described in the thesis is one concerning 
GaAlAs double heterostructure lasers. Three majority carrier and 
two minority carrier trapping levels were detected by DLTS. The 
complexity of the laser structure made the interpretation of these
Samples with good quality exicapsulation which were ion implanted
2 7 6
peaks in terms of their origin and .identity very difficult although 
a detailed comparison of results with those obtained by other workers 
for similar structures has enabled some of the levels to be identified. 
In particular a complex defect, commonly known as the DX centre, 
has been identified and found to occur in the n type
Ga ?A1 As layer of the laser structure. This centre is associated 
U • / U • «j
with the donor (D) and an arsenic vacancy (X), ie SnV , and other 
workers have correlated its presence with the formation of dark 
line defects in the luminescence output of similar structures. 
Unfortunately no changes in the concentration of this or any other 
level were detected during accelerated lifetesting of the lasers- 
even though significant degradation of the light output occurred. 
Subsequent examination of the lasers by photoluminescence techniques 
revealed that spatially localised regions of degradation had occurred 
whereas in previous batches of lasers a uniform degradation over 
the whole of the lasing region had been observed. Since the whole 
chip capacitance is monitored during DLTS measurements the sensitivity 
needed to detect only localised changes in the lasing stripe, which 
is itself only 5% of the total chip area, is extremely large and 
so it is not surprising that changes in the DLTS spectrum were 
not seen.
A method such as scanning DLTS which employs localised excitation 
of specific areas with an electron or laser beam would be necessary 
to examine localised defect concentrations. Another problem related 
to the DX centre which involves an apparent reduction in concentration 
in GaAlAs whenthe aluminium fraction is less than 0.3 means that 
it still would not be observed in the layer of most interest in 
these lasers ie the p Ga^ 95AI-Q Q5As active layer in which radiative 
recombination takes place.
The above summaries of the results show that DLTS can be a useful 
spectroscopic technique for the examination of deep levels in many 
situations but that a simple interpretation of the results is usually 
not possible. This does not detract from its use as a finger-printing 
method in the selection of materials for device fabrication. It 
is however much more difficult to obtain a detailed knowledge of 
the nature of the defects occurring in the materials or the finished 
devices. It is usually necessary to grow special layers incorporating 
deliberately added impurities or to avoid the complexities of device 
structures•
A different type of problem arises when it is difficult to fabricate 
Schottky contacts or p-n junctions because of the materials themselves.
This was experienced in the investigations into proton bombardment
and silicon nitride encapsulation when large amounts of damage
at the surface made the Schottky contacts very leaky. The same
problem has been encountered when the growth methods used are only
at an elementary stage of development (eg molecular beam epitaxy)
or when more complex materials such as GalnAs and GalnAsP are investigated.
Work on these materials is proceeding, however, and DLTS should
prove useful in helping to improve the quality of the materials
once low leakage junctions can be fabricated. These problems
emphasise ths, fact that the main use of DLTS as an assessment
technique is in the detection of small numbers of defects which
cannot be observed by less sensitive methods. It is possibly of
greater use as a "fine-tuning" technique to be used once the major
problems in materials preparation have been overcome.
I l l
4.5 Summary of Conclusions
v
Another major advantage of DLTS is its versatility and it has been 
demonstrated how different variations on the basic technique can 
be used for different types of structures. One such a-rea which 
has only briefly been mentioned is that of optical transient current 
spectroscopy. This should receive more attention in the future 
since it may be useful for finger-printing semi-insulating GaAs 
substrates for ion implantation. It is hoped to correlate both 
the ion implantation profiles and the rf parameters of FETs fabricated 
on these layers with peaks seen in the transient current spectra.
It may be possible to relate differences in spectra to the origin 
of manufacture, type of growth or the amount of chromium and other 
elements incorporated in the lattice. This type of adaptability 
ensures that DLTS will prove useful for examining many other types 
of material in the future although as has happened in the past 
the results may pose more questions than they answer.
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THE DERIVATION OF TRAP CONCENTRATION PROFILING EXPRESSIONS
This analysis is based on that of Bleicher and Lange [13] and Lefevre and
Schulz [23]although several different approximations are made which are 
more appropriate to the experimental conditions of the present DLTS set­
up. For example Lefevre and Schulz make the assumption that, t^ , the time at 
which the capacitance transient is sampled'for .the second time, is large
so that exp(-et2) - 0. This assumption is not made in the present analysis
since at high repetition rates this is no longer valid. Instead the
assumption is made that the shallow donor profile at is constant as x„K K
changes due to trap emptying. This and other assumptions are pointed out 
at the relevant places in the derivation.
By integrating
» -  £■ .............  A l . 1
3x
The relationship between the reverse bias VR applied to a Schottky 
barrier and the contribution of trapping levels and ionized shallow donor 
levels to the space charge region (Fig Al.l) after filling trapping levels 
with a reduced bias pulse can be obtained.
*R(t) Xp (t) xfp
=  ^ I x Nd(x) dx + J 1-exp dx + f x NT(x ) dxj
o X f p ( t )  o
............A1.2
where VR is the barrier height, x r (^) the depletion width at the applied 
reverse bias V_, N,(x) is the shallow donor concentration, xTr,T)(t) is theR u r K
depth at which the trapping level Em crosses the Fermi level E_ and Nm(x)1 r T
is the trap concentration. The contribution from trapping levels contains 
a time dependent term because of the thermal emission from the traps above
APPENDIX A l
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a t b )
Fig Al.l The contribution of trapping levels to the space charge 
density in the depletion region under reduced bias (a) and 
reverse bias (b) conditions
Fig A1.2 The observation of trapping levels in a window ^Xfp”XfQ^ t*ie 
application of two reduced bias pulses Vp and
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the Fermi level. The traps will ultimately be emptied and so ail contribute 
to the positive space charge.
Consider the same expression at the end of a reduced bias pulse (VR-Vp) so 
that all the trap up to x^ are filled
V 4. y  = — B VP e
T
xfp
; ■
x Nr (x ) dx + x N^(x) dx A1.3
From equations Al.2 and A1.3
, X R U ) xfR(t)
/
.xp
x N,(x) dx + d J  f1 * exp (' I )
xfp L J
x Nt (x ) dx Al .4
Consider a different size voltage pulse Fig A1.2. A similar expression 
can be derived for the difference in signals
V - V = a Q P e
-  XR( t )
I
”  XP
x N^Cx) dx
■ J
xQ
x'R( t )
x Nr (x ) dx
a
e 1 - exp (- I)
r xfR(t)
JLxfp
x£R(t)
x Nc (x) dx - J x 
xfQ
(x) dx
A1.5
Equation Al.5 gives the transient arising from the difference in two 
pulse voltages and can be solved to give the trap density in this region,
Rearrangement of the equation leads to,
h M X,R( °
L*P
x N^Cx) dx - x N^Cx) dx
X r
1 - exp (-t/x)
xfQ 
1
x N^ ,(x) dx +
xFR(t) "3
/
x'FR(t)
x Nt (x ) dx
A1.6
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Considering the DLTS sampling of the above transient at times t^ and t^ < 
Since VR(t) = Vp Vg(t) = then equation A1.6 becomes
V ' i ’  x ' r (, c i )
Jx N^Cx) dx - J  x N^Cx) dx + exp (- '  exp (- )0
xr ( c2 ) a R' - ty
xfQ
I
xfp
x Nt <x ) dx  Al .7
Equation Al.7 is an approximation which ignores the effect of the variation
of Fermi level cross points as the space charge widths x„ vary. This is
a valid approximation when N ■« N since the variation in x„ will then be
J - d  R
small and thus secondary effects even smaller. Equation A1.7 contains 
terms to account for the change in depth of the space charge width between 
times t^ and t^ due to emission from trapping levels between the two 
Fermi level crossing points xfp and xfQ. The integrals are easily solved 
if average values for the ionized donor and trap concentrations in 
localised regions are assumed such that
Nd (V l } = Nd (XR- c2> “ Hd (x ’r = Nd (xV  t2)
-
n t (xfp) = nt (xfq) = n t (xf)
From equation A1.7
0 " i “d (V  [X ’r2 (t2) - X R 2  (t2)] ‘ [X ’r2 (tl) ' XR2 (tl)]
+ i [exp (-t2/t) - exp (-t^/x)] (x£) [ x£Q2 - X£p2 1   A1.8
eAFrom C = — - it can be seen that x
29'4
,2 2 _ (eA)2 _ (eA)2
R P "  2 - . 2
A1.9
R C'R
and that 1___________ 1 ^  2 A C ( t l ' )
CR2 ( t l>  ’  C ' r V
Al. 10
Substituting into equation A1.8
Nd(xR) (eA)'
AC(t1) AC(t )
V ^ l 7 CR3 ( t 2 )
- - [exp(-t2/x) - exp(-t^/t) ]
  2 2NT(xf) (xfp - Xfq ) Al. 11
Rearranging equation Al.ll and assuming C„(t,) - C (t0) = C the steady
H I  K  Z K
state reverse bias capacitance (valid for N^ ,<< Np).
_  , *2 A C( t - A c ( t - )
NT(xf) = 2 exp [ ( “ 1 2 / x) - exp (-^/x)]  -^---- - ---------------
xfR ‘ xfQ R
Al. 12
The DLTS signal S = C(t^) - C(t2) and so AC(t^) - AC(t2) is the 
differentiated DLTS signal ie •
AC(tx) - AC(t2) = [C(t ) - C'(t1)] - [C(t2) - C'(t2) 
= [C(t1) - C(t2)] - [C,(t1) - C'(t2)] Al. 13
From equation 2.3.5 (section 2.3.2) the peak in the DLTS spectrum occurs 
when
in
Al. 14
and so equation A1.12 can be rewritten
2
N J x f )
R
[exp(-et1) - exp(-et0)3 2 2* d1 v 2 Xfp - xfQ
. N , ( xr ) . smax(V  - W V
CR
................A l . 15
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Equation A1.15 allows profiling of a deep level to be carried out since it 
gives the trap density in a localised region determined by the Fermi level 
crossing points. The expression is modified to the form below in the case
of a single pulse to V = 0.K
NT^Xf  ^ [exp(-etT) - exp(-et9)] 2 2 Nd^xR^  C
1 2 xfR ’ xfo R
  A l .16
This expression gives the modification to the trap density caused by the 
fact that the traps in the whole of the depletion region do not contribute 
to the transient.
The Fermi level cross points may be evaluated by the integration of 
Poisson's equation in the region X£p to xR for example.
.
2
E„ ~ E_ = —F T £
xfR
(x ~x) N,(x) dx  A1.17R d
Assuming N^Cx) is constant in this range
XR " xfR
2 s (E - E )
— — -— ..... AX. 18
N (x) q
The Fermi level Ef may be calculated from the shallow doping concentration 
using the relation
3
2
n = Nc e x p ( ~ )  where Nc = 2 ^2 —  ,UT j  A1.19
It has been necessary to make specific approximations in the preceding 
analysis regarding the behaviour of the semiconductor depletion width as 
a function of time during the capacitance decay. These become invalid in 
the case of high trap concentrations and a constant capacitance mode of 
operation in which the depletion width is held constant by variation of the
applied reverse bias is more desirable. Such a system has been outlined 
by Johnson et al [Al.l] and involves the analysis of voltage rather than 
capacitance transients. This allows more accurate spatial profiles to 
be determined although it is still necessary to assume an average value 
of trap concentration in the observation window and the accuracy of the 
measurement is limited by the width of this window.
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The Hall Effect [A2.1] occurs when a magnetic field is applied perpendicular 
to the plane of the current flow in a conducting material and a voltage 
perpendicular to both the current and the magnetic field is created. A 
bar or bridge-shaped specimen is usual for these measurements but a method 
devised by van der Pauw [A2-2] allows a fiat arbitary shaped sample to be 
used (fig A2.1). The analysis of the conventional sample geometry results 
in a Hall voltage given by 
R I B
V = — ....  A2.1H - W
where W is the sample thickness and R^ is the Hall coefficient which can be 
expressed as'
y.
APPENDIX A2
HALL EFFECT MEASUREMENTS
- £ ) •
* .  ■ ,  -71 ...................................
( - ? ■ )P
1 .This reduces to R^ = ~  m  n type material where conduction is dominated 
by electrons. The analysis of the arbitrary lamella results is based on 
the following assumptions. The contacts are small and situated at the 
circumference of the sample. The sample is homogeneous in thickness and 
does not contain any pin holes. Provided these conditions are met it has 
been shown [A2-2] that the resistivity of the material can be expressed in 
the form
ti u) (R1234 * R2341)f ,
P "  1 n 2   2.....................   A 2 ’ 3
where ^ 2 34 defined as the potential difference between contacts 3 and 
4 per unit current through contacts 1 and 2. R2341 S m^^iar-Ly defined
and f is a function of R£2347^2341 A2.2). The Hall coefficient is
determined by considering the change in ^2413 w^en a magnetic field is
2 9 8
B
BAR BRIDGE
LAMELLA
Fig A2.1 Sample shapes used for Hall effect measurements
Fig A2.2 The relationship between f and R^234^R2341 §^ven t*ie 
equation
cosh (R1234/R2341) - 1 m 2  (R1234/R2341) + 1 X f
1;
2- -T- exp l~z—J from [ A2-2]
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a p p l i e d  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  l a m e l l a  s u c h  t h a t
—
B “ '2413" © AR„,, „   A2.4
In this way the Hall carrier concentration and mobility can be calculated 
from
bh " ^ ; p w h   A 2 - 5
These values differ from the true conductivity mobility and carrier 
concentration by a factor,r , known as the Hall scattering factor. This 
is a numerical factor, close to unity, which arises from the energy 
dependence of the carrier scattering. Its value depends on the magnetic 
field, degeneracy, temperature and the type of scattering mechanism present 
but its determination is beyond the scope of this thesis.
In practice the thickness of the lamella is not always known and sheet 
mobility and carrier concentration values are calculated. In addition to 
this the layer may not be uniform and so "effective" quantities which are 
weighted averages [A2.3] over n and y are determined. A combination of 
surface measurements and anodization stripping (appendix A3) allows 
differential measurements to be made such that the carrier concentration 
and mobility after removal of the i th step Ax are given by
1 A (ffs ^n (x) ~ -    —    A2.6
e A(x)i A(R a )i s s
A (R a 2)i
V X) ”  A(a )'i    A2' 7
where Rg and are the surface Hall coefficients and conductivity 
respectively.
Using this technique a profile of mobility and carrier concentration 
throughout the layer can be constructed. The size of the etching steps 
Ax is a compromise between the resolution of the profile and the errors 
introduced by taking small differences in measurements. Errors arising 
from the fact that the contacts are of finite size and not located exactly 
on the perimeter are reduced by a clover leaf shaped specimen (fig A2.3) 
which can be fabricated using photolithography. This is easier to make 
and less likely to break than a bridge type specimen.
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Fig A2.3 Two variations on the "clover leaf" sample configuration
3 0 2
APPENDIX A3 
ANODISATION OF GaAs
Anodisation is an electrolytic etching technique which is used as an 
accurate and reproducible method for layer removal. It has several 
advantages over conventional chemical etches, the major one of which is 
the relative insensitivity of the etch rate to variations in chemical 
composition and temperature of the electrolyte. The system is based on 
that of Hasegawa et al [A3-1] which uses a 3-5% aqueous solution of 
tartaric acid (adjusted to a pH value of 6 using ammonia solution) mixed 
with ethylene or propylene glycol (ethanedioi or propanediol) in a ratio 
of 1:2 to 1:4 by volume. The experimental set-up is shown in fig A3.1.
The light is used to illuminate the GaAs sample since it is thought that 
the electrolyte acts as a Schottky contact and that the anodic reaction at 
the GaAs surface involves holes. The rate of reaction would be limited 
by the thermal generation rate if hole-electron pairs were not generated 
by illumination.
In the constant current mode of operation the required voltage is applied 
and the cell operates at a fixed current until the thickness of the oxide 
on the GaAs is such that this voltage is attained. The current then drops 
off to a value determined by leakage paths through the sample. It was 
found to be advantageous to stop the anodisation once the current had 
decreased to a fixed fraction of the original current in order to reduce 
the amount of oxide dissolution in the electrolyte and the 
possibility of oxide breakdown.
A detailed investigation into the effects of varying the experimental 
conditions has been carried out by Hasegawa and Hartnagel [A3-2]. In the 
present investigation a standard electrolyte consisting of a 3% tartaric 
acid solution mixed with glycol in the ratio 1:2 has been used. The
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Fig A3.1 A schematic view of the anodisation apparatus
Fig A3.2 The sample configuration used for oxide thickness and GaAs 
step measurements
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GaAs surface after dissolution of the oxide in HC1 or ammonia solution are
the current density and the maximum applied voltage. Current densities
2greater than-3 mA/cm were found to give poor GaAs surfaces after removal 
of the oxide as did voltages above 210 V. Voltages in excess of 280 V 
gave rise to breakdown of the oxide film although this could occur at 
lower voltages near sample edges. These were normally covered with black 
-wax to prevent this occurrence.
The relationship between the applied voltage, the oxide thickness and the
2amount of GaAs removed was determined using a current density of 2 mA/cm . 
The current was allowed to decay to 0.1 of its original value once the 
required voltage was attained. Thickness measurements on sample 
configurations shown in Fig A3-2 were carried out using both Talystep 
and Angstrometer instruments. The former uses stylus which traverses the 
step and the latter measures the separation of interference fringes across 
the step using a monochromatic light source. Results using average 
thicknesses from the two methods show that the oxide formation rate is 
20 + 1.5&/V (fig A3-3) and the ratio of the GaAs removed to oxide thickness 
formed is 0.61 0.1.
Using this method it is possible to remove layers of GaAs to an accuracy 
of approximately l£/V. It is not necessary to perform step height 
measurements every time as with conventional chemical etches and an 
approximate check on the oxide thickness can be obtained from the colour 
of the film. A table of colours of the oxide and corresponding thicknesses 
has been constructed by comparison with published data for SiO^ films [A3.3] 
of the same colour (fig A3.4). Limitations of the method include the time 
taken for the oxide film to form at current densities low enough to prevent
c r i t i c a l  p a r a m e t e r s  a f f e c t i n g  t h e  q u a l i t y  o f  t h e  o x i d e  a n d  t h e  r e s u l t a n t
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Fig A3.3 Oxide thickness versus applied voltage for anodisation of GaAs
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Si GaAs Colour
0.0505 0.004 tan
0.0705 0.006 brown
0.010 0.008 dark violet to red violet
0.0125 0.01 royal blue
0.0150 0.012 light blue to metallic blue
0.0175 0.014 metallic to very light yellow-green
0.0200 0.016 light gold or yellow-slightly metallic
0.0225 0.018 gold with slight yellow orange
0.0250 0.020 orange to melon
0.0275 0.022 red violet
0.0300 0.024 blue to violet blue
0.0310 0.025 blue
0.0325 0.026 blue to blue-green
0.0345 0.028 light green
0.0350 0.028 green to yellow green
0.0365 0.029 yellow-green
0.0375 0.030 green-yellow
0.0390 0.031 yellow
0.0412 0.033 light orange
Fig A3.4 A comparison of oxide film thicknesses and the col
perpendicularly under daylight fluorescent light.
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surface degradation and the maximum oxide.thickness that can be formed in 
one step (fig A3.5). It was found necessary to restrict the voltage to 
150 V to prevent surface degradation after repeated oxide formation and 
stripping. To remove 5000^ of GaAs would thus take approximately 10 
minutes allowing time for oxide formation, removal and cleaning. The 
method is too slow for removal of very large amounts of GaAs but the 
accuracy and quality of the surface produced has made it a useful method 
for layer removal in several areas covered in the present investigation.
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APPENDIX A4 MODELS TO EXPLAIN THE OCCURRENCE OF ANOMALOUS DLTS PEAKS IN 
IMPATT DIODES AND IN HIGH DOSE PROTON BOMBARDED SAMPLES
In section 3.2.10.4 it was found that anomalous DLTS peaks were produced 
by placing capacitors in series with normally well-behaved Schottky diodes. 
Forward biased series Schottky diodes gave rise to negative DLTS peaks 
and reverse biased series Schottkys and voltage independent ceramic capacitors 
produced positive DLTS peaks. Similar behaviour was also observed for 
IMPATT diode structures (section 3.3.3) which consist of series reverse 
and forward biased Schottky diodes. A dependence of the peak temperature 
on the value of the series capacitance was observed. Larger series capacitors 
produced higher temperature DLTS peaks.
A qualitative model to try and explain these effects based on the idea
that they are caused by a redistribution of voltage across the two capacitances
due to leakage currents has been developed. Consider the simplest case
of a voltage independent ceramic capacitor in series with a reverse
biased Schottky diode (fig A4.1). At time t = 0 on the application of
the reverse bias the voltage divides across the capacitors in the ratio
of their capacitances. A subsequent reverse leakage current through
the Schottky diode causes a redistribution of voltage until most of it
appears across the series capacitor. The transient is caused by the
time constant of this redistribution which can be expressed in the approximate
form.
3 1 0
( a )  c i rc u i t
(b) v o l t a g e  t r a n s i e n t s
0
(c) capaci tance  t r a n s i e n t s
Fig A4.1 The circuit and transients produced by a series combination 
of voltage independent capacitor and reverse biased Schottky 
diode.
combination of capacitors and I is the leakage current of the diode.
The time constant varies due to the temperature dependence of the leakage
current through the diode. This varied from diode to diode but ranged
-9 -7from 2.5 x 10 A at 300K for a reverse bias of IV to 10 A at 350K.
Larger leakage currents produced lower temperature DLTS peaks. This 
is in agreement with the earlier observation that the peak temperature 
depended on the series capacitance value. Equation A4.1 predicts that 
for both decreased capacitance and increased leakage current the time 
constant will be smaller and so from DLTS theory (section 2.3.2) a lower 
temperature DLTS peak will result. The equation does not give the exact 
value of time constant as determined from the DLTS peak position. A 
value of 6.55 mS for an emission rate of 153s was obtained for one 
sample whereas eqn A4.1 gave a calculated value of 1 mS. The agreement 
is reasonable, however, when it is considered that no account is taken 
of the variation in the leakage current as the voltage across the diode 
changes.
The model can be extended to the case of a series reverse biased Schottky 
diode (fig A4.2). A similar voltage redistribution will occur although 
in this case the final distribution will be determined by the relative 
leakage currents of the two diodes. Since both capacitances are voltage 
dependent there will be two contributions to the observed transient.
When one of the diodes is switched round so that it is under forward bias 
the applied voltage divides across the two diodes in the ratio of their 
capacitance at t = 0 as before. The voltage across the forward biased 
diode decreases after t = 0 to a value determined by the leakage current 
of the reverse biased diode. Both capacitance transients are in the 
sane direction (fig A4.3) and produce a negative DLTS peak. This last 
combination of diodes explains the behaviour of IMPATT diodes which have 
this type of structure.
w h e r e  i s  t h e  s e r i e s  c a p a c i t a n c e ,  i s  t h e  t o t a l  v o l t a g e  a c r o s s  t h e
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Fig A4.2 The circuit and transients produced by two series reverse 
biased Schottky diodes
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Fig A4.3 The circuit and transients produced by two series forward and 
reverse biased Schottky diodes.
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The observation of broad negative DLTS peaks in material which has been 
bombarded with high doses of protons (section 3.2.7) or annealed at high 
temperatures with poor silicon nitride encapsulation (section 3.4.3.2) 
can be explained in a similar manner. Anomalous negative DLTS peaks 
are produced and so the model involving series forward and reverse biased 
diodes is most applicable. Unfortunately it is difficult to envisage 
a mechanism which would give the equivalent of the internal capacitor plate. 
This is required if the structure is to be thought of as two separate 
diodes. Schibli and Milnes [96} have proposed a model involving splitting 
the device capacitance into two parts with a similar internal plate.
This was used to explain the capacitance behaviour of an n+p junction 
containing deep impurities as a function of temperature and frequency.
The deep level impurity concentration exceeds the shallow donor concentration 
and so the treatment outlined in section 2.2.5 is inappropriate.
A full analytical description of the model together with its application
to indium doped silicon diodes is given in reference [96]. It is sufficient
here to give a brief qualitative description so that its use in explaining
the anomalous results is clearer. Since the deep level concentration
substantially exceeds that of the shallow dopants the charge increment
which has to respond to the capacitance measurement signal can he approximated
to a single one due to the deep levels and the minor contribution of
the shallow levels ignored (cf section 2.2.5). This is shown as a charge
distribution (q, ) centred on x in fig A4.4 which responds to the dc a
applied signal at low frequencies (or high temperature). At higher frequencies 
(or lower temperatures) the charge distribution moves further into the 
bulk (fijr) since the deep levels near the Fermi level cross-point can 
no longer respond with sufficient speed. The capacitance may thus be
V
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(a) b a n d  b e n d i n g
(b) c h a r g e  d i s t r i b u t i o n
(c) c a p a c i t a n c e
Fig A4»4 The model used to explain the behaviour of a n p junction in 
which the deep levels exceed the shallow level concentration 
from [9?]
-  -  ET
V = 0
(a) b a n d  bending
f l n
(b)  c h a r g e  d i s t r i b u t i o n t =  0 oo
Fig A4.5 A mechanism for the production of negative DLTS transients 
on application of reverse bias using the model of Schibli 
and Milnes [991.
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expressed as having two components by inserting imaginary plates P3 and
P4 at x . (fig A4.4). The actual capacitance C at the measurement frequency A
is given by the series connection C and C .dc f
When applying this model to the present investigation there is also the 
consideration of the depletion width associated with the n type region 
to be taken into account. It can be envisaged that the capacitance of 
the n type region is modified by the temperature variation of the capacitance 
of the deep level impurity dominated region. If this region is similar 
to that outlined in Schibli and Mines’ model then at low temperatures 
the predicted behaviour will be one of low capacitances and large depletion 
widths as observed in figs 3.2.36 and 3.2.37. At high temperatures these 
effects should become less dominant according to the model and this is 
in fact observed to be the case. It is very speculative to apply the 
model to the carrier concentration profiles produced since it is almost 
certain that the true situation in the damaged material is not so simple 
as that outlined here. It does, however, predict that at high enough 
reverse biases the damaged region should become depleted to the surface 
and then the profile will be dominated by the n-region. The profiles 
in fig 3.2.37 do show a tendency to a constant level as the depletion 
widths increase and are thus in agreement with this prediction.
The model may also be applied to help understand the DLTS results produced 
by the surface damaged diodes. A consideration of the series resistance 
of the damaged surface region and its dependence on temperature leads to the
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conclusion that a transient of the correct sign to produce negative DLTS 
peaks may occur due to this effect alone (fig A4.5). Consideration of 
the temperature dependence of the capacitance, C , and the slow response 
of the trapping levels which determine its value would also contribute 
to anomalous transients (fig A4.5), It is quite likely that other mechanisms 
also contribute to this effect but without exact knowledge the the structure 
of the damaged region it is impossible to be certain. The main point 
of this modelling exercise has been to show that anomalous transients 
can be produced by series capacitance effects and that these give rise 
to DLTS peaks in the same temperature region as those observed in IMPATT, 
proton bombarded and silicon nitride encapsulated Schottky diodes.
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A pulsed xenon flashtube circuit (fig A5.1) was used to illuminate semi­
transparent nickel Schottky diodes so that optical DLTS (ODLTS) measurements 
could be carried out. The flashtube had a broad spectral output (fig 
A5.1) with a significant proportion greater than the band gap of GaAs 
(=875 nm) so that hole-electron pairs were created. This enabled hole 
traps in a Schottky barrier on n type material to be filled and observed 
by DLTS. The transparency of the Schottky barriers was checked by 
spectrophotometer transmission measurements using nickel films evaporated 
onto glass slides during the preparation of the Schottky. The transmission 
depended on the film thickness and varied in the range 10-50% from batch 
to batch. A major problem with greater than band gap light is that it 
is absorbed very close to the semiconductor surface with a typical absorption 
coefficient of 10 /in * (fig A5.2). This means that the penetration may 
not be sufficient to allow complete trap filling throughout the depletion 
width. Another problem was that the width of the light pulses was determined 
by the discharge of the arc and was typically only 50 f i S long. This 
may not be sufficient to saturate even those trapping levels within the 
region of light absorption and carrier diffusion especially when the effects 
of the reverse bias electric field are considered.
Preliminary experiments using Nd:YAG and Krypton lasers with continuous 
outputs of around 500 mU were carried out and provided some answers to 
these uncertainties and gave an indication of which problems were significant. 
The krypton laser was tuned to a wavelength of 676 nm (1.84 eV) so that 
hole electron pairs were created. A mechanical chopper allowed pulse
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Fig A5.1 The circuit used to operate the pulsed xenon discharge 
tube and its temporal and spectral outputs.
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A5.2 The absorption coefficient versus incident energy fo 
n type GaAs from [A5.1]* Intensity is proportional 
exp(-CXd) where d is the depth.
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widths between 5 and 200 mS to be used. There was no observable dependence 
on pulse width of either capacitance during the light pulse or of the 
transient resulting after removal of the. light. The Nd:YAG laser, tuned 
to a wavelength of 1.06 pm (1.17 eV), was used to illuminate the same 
samples. This produced a similar size A centre peak (Fig A5.3) to the 
krypton laser. This indicates that absorption within the depletion width 
is not a cause of non saturation of trap filling when using greater than 
band gap light. It should be noted however, that the sub-band gap filling 
is dependent on optical rather than thermal capture cross sections and 
so such a comparison is not strictly valid unless these are similar.
The DLTS spectra from both laser sources were smaller in magnitude than those 
due to electrical trap filling using the sane reverse bias (fig A5.3).
The Nd:YAG laser was used to illuminate a sample through the substrate 
rather than the semi-transparent Schottky. This resulted in only a slightly 
larger DLTS peak indicating that absorption of light by the metal Schottky 
was not responsible for significant attenuation of the signal. The krypton 
laser did not produce any DLTS peak when used for substrate illumination 
because of the large absorption coefficient and the thickness of the 
substrate (~500 pm).
The small size of the A centre peak may be due to the occurrence of a 
hole trapping level at a similar position in temperature. The DLTS spectrum 
below this temperature is negative and its broadness indicates the presence 
of a spectrun of hole trapping levels. Similar spectra were observed 
by Mitonneau et al [24] during optical stimulation of VPE layers (fig 
A5.4). It was not possible to cover a wide temperature range during
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Fig A5.3 A comparison of high temperature DLTS spectra using electrical 
and laser trapping filling techniques
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Fig A5.4 DLTS traces from different VPE layers using a Nd:YAG laser for 
trap filling from [24]
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Fig A5.5 DLTS spectrum of a Post Office grown VPE layer using a xenon 
flashtube for trap filling
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these preliminary experiments since only a hone made sample holder with 
a heating coil was available. This meant that lower temperature traps 
such as the L4 level in fig A5.4 were not visible. The arrival of the 
DN 704HT cryostat (section 3.1.2) coincided with the non-availability 
of the lasers and so further experiments were carried out using the xenon 
flashtube.
Illumination using the broadband xenon source produced DLTS spectra similar 
to those from the laser sources. The A centre peak was again smaller 
in magnitude than a peak using electrical trap filling. Use of the low 
temperature cryostat also allowed the hole trapping level at around 21 OK 
to be observed (fig A5.5) and confirmed the presence of a broad low temperature 
hole trapping spectrum down to liquid nitrogen temperatures. Experiments 
have also been carried out using optical stimulation of high resistivity 
materials (OTCS-section 2.4.6) involving analysis of the subsequent photocurrent 
decay. This has proved successful on semi-insulating substrates grown 
for ion implantation of FET layers but not so successful for proton bombardment 
studies of VPE n type layers due to leakage currents (section 3.2,9.2).
A typical trace from a semi-insulating substrate is shown in fig A5.6.
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